
October 16, 1965 

Reference: Contract NAS 8-4012 

SUBJECT: NAS 8-4012 Eleventh Quarterly Report 

Dear M r .  Wood: 

1. Current Status of Technical Work 
- 

This report outlines the progress made in the period July 15, 1965 
through October 1, 1965 on NASA 8-4012 - "Design Cri ter ia  for  Zero Leakage 
Connectors for  Launch Vehicles". A s  in the previous quarter, efforts have 
been directed toward completion of four specific tasks: 

a) Computerization of the design procedures for flanged and 
threaded tube connectors. 

b) Advancement of the mathematical model for  study of the 
interface sealing phenomenon. 

c )  Designi cnnstruct im,  and uiilirzation of a leakage appakatus 
fo r  experimental study of seals  at high and low tern-peratures. 

d) Design of a threaded tube connector incorporating the super- 
finish sealing surface principle. 

The attached technical progress report explains in detail the extent of 
completion of each task, 
procedure is approximately 50 percent completed; work has started (ahead of 
schedule) toward computerization of the threaded tube connector design, With 
regard to the mathematical model f o r  the interface, 
toward utilization of the newly expanded computer program and assessment as 
to whether the current a r ea  of contact/displacement curves gained from the 
program can be easily correlated with a rea  of contact versus load curves gained 
from the literature. The leakage apparatus for experimental seal  study has 
been completed, checked out, and used satisfactorily for three tests.  The 
feasibility study toward use of the super-finished sealing principal has recently 
yielded an encouraging result in that electron beam welding of the flanges and 
unions to tubes has not caused excessive warpage of the sealing surface. 

Briefly, programming of the flanged connector design 

efforts have been directed 

Digital computer programming of the flange connector design procedure 
is being accomplished by R. E. Smith, assisted by E. J. Le Clerc. Computer 
programming of the threaded connector design procedure is being accomplished 
by M. Ray. Advancement of the mathematical model for interface sealing 
investigations is being done by F. 0. Rathbun, Jr., and H. Moore. Mr .  J. 
Lanewski, assisted by Mr.  R. White, is responsible for  experimental 



evaluation of seals at high and low temperatures. 
sealing threaded tube connector is being accomplished by Mr .  B. Weichbrodt. 

Design of the super finish 

2. Finances 

Expenditures and commitments through September 26, 1965 were 
41 percent of the authorization for  the contract. 
June 30, 1965 were 3378.2. 

Man hours expended through 

Very truly yours, 

P 
F.O. Rathbun, Jr. 
Mechanic a1 Engineer 
M ec h anic a1 Technology Branch 
Mechanical Engineering Laboratory 
Research and Development Center 
Building 37 
Room 680 
Tel. 374-2211 - Ext. 5-4972 



E 
1 

Section 

TABLE O F  CONTENTS 

Page 

1 
I 

I 
E 

1 

1.1 
1.1.1 
1.1.2 
1.1.3 
1.2 
1.2.1 
1.2.1.1 
1.2.1.2 
1.2.1.3 
1.2.1.4 
1.2.1.5 
1.2.2 

2 

2.1 
2.2 
2.3 
2.4 
2.5 

2.6 

3 

3.1 
3.2 
3.3 
3.4 

4 

4.1 
4.2 
4.3 
4.4 
4.4.1 
4.4.2 
4.4.3 
4.4.4 
4.5 

Computerization of Connector Design Procedures . . . . . .  1-1 

Flange Check Design . . . . . . . . . . . . . . . . . .  1-1 
Introduction . . . . . . . . . . . . . . . . . . . . .  1 . 1 
Design Addenda . . . . . . . . . . . . . . . . . . .  1-1 
Check Designs . . . . . . . . . . . . . . . . . . .  1-2  

Computer Programs f o r  Flanged and Threaded Connectors . 1-3 
Computer Program f o r  Flanged Connector Design . . . .  1-3 

Introduction . . . . . . . . . . . . . . . . . . .  1-3 
Integral Flanges . No Contact Outside the Bolt Circle . 1-3 
Integral Flanges . Contact Outside the Bolt Circle . . 1-4 
Loose Flanges . . . . . . . . . . . . . . . . . .  1-4 
Schedule . . . . . . . . . . . . . . . . . . . . .  1-4 

Computer Program for Threaded Connector Design . . .  1-4 

Mathematical Model of Interphase Sealing Phenomenon . . . .  2 - 1  

Introduction . . . . . . . . . . . . . . . . . . . . . .  2 . 1 
Review of Computer Program Concept . . . . . . . . . .  2 - 1  
Calculated Surfaces Mated . . . . . . . . . . . . . . .  2 - 2  
Theoretical A r e a  of Cmtact  Considerations. . . . . . . .  2 - 5  
Results of Area of Contact - -load-displacement R. elBtionShips 

Investigation . . . . . . . . . . . . . . . . . . .  
Future Plans . . . . . . . . . . . . . . . . . . .  

Advanced Leakage Experiments . . . . . . . . . . . .  
Introduction . . . . . . . . . . . . . . . . . . . .  
Proposed Test Program . . . . . . . . . . . . . .  
Progress  to Date . . . . . . . . . . . . . . . . . .  
Future Work . . . . . . . . . . . . . . . . . . . .  

Tube Connector Utilizing Superfinished Sealing Principle . 
Introduction . . . . . . . . . . . . . . . . . . . .  
Conclusions and Recommendations . . . . . . . . . .  
Test Program . . . . . . . . . . . . . . . . . . .  
Discussion of Test  Results . . . . . . . . . . . . .  

Quality of Superfinished A-286 Surface . . . . . . .  
Hardening Heat Treatment of A-286 . . . . . . . .  
TIG-welding of Connector to Tubing . . . . . . . .  
Electron Beam Welding of Connector to Tubing . . .  

Feasibility Study of 4000 ps i  Convector . . . . . . . .  

. 2 - 6  

. 2 - 8  

. 3 - 1  

. 3 - 1  

. 3 - 1  

. 3 - 1  

. 3 - 3  

. 4-1 

. 4.1 

. 4 - 1  

. 4 - 2  

. 4 - 3  

. 4 - 3  

. 4 - 4  

. 4 - 4  

. 4 - 5  

. 4 - 6  

i 



8 
I 
I 
I 
I 
I 
I 
I 
s 

8 
1 
I 
1 
1 

a 

I 
i 
I 
E 

l 
1. Computerization of Connector Design Procedures 

1. 1 Flange Check Design 

1. 1. 1. Introduction 

The purpose of this subtask is to provide a check design for flange 
connectors previously designed under conventional procedures and presently 
being used by NASA. 
dures in the Separable Connector Design Handbook, Chapter 2 ,  with any 
modification or addenda that may result from the utilization of other wrenching 
o r  bolting techniques. The size, type of service,  and other information per-  
taining to operating conditions has been furnished by NASA, so that a compari- 
son with the existing designs wil l  be possible, 

These check designs w i l l  make use of the design proce- 

Since the flanged connector computer programs a re  in  various stages 
of completion as indicated in section 1.2 of this report, the analysis sections 
of the computer program that have been written and debugged wil l  be used 
wherever possible in the check designs. 

1.1.2. Design Addenda 

The designer of flange connectors is concerned .with several  
parameters  before proceeding with the detailed design. , Some of these 
parameters may be of practical consideration, such as the type of nuts and 
bolts, wrenching techniques, o r  perhaps a more stingent requirement of 
weight minimization. The Design Handbook, Chapter 2 ,  has optimized the 
design of flanged connectors for launch vehicles based on utilizing hardware 
(nuts and bolts) per  specification ASA B18.2 and using box type wrenchca 
the torquingtool. The s izes  of the nuts and bolts, and the clearance require- 
ment for the wrenching tool a re  input parameters used to make up Table 2. 1 
on page 2-15 of the Design Handbook, 
table, other wrenching techniques should be investigated. These other tech- 
niques may result in an appreciable s ize  weight reduction of the connector. 

A s  mentioned in the footnote to this 

To provide the designer with the above+hoices, ‘additional fables have 
bcc3’1 derived based on other wrenching techniques. Table 1. 1 was derived 
using hardware per  specification ASA B18.2 (same as  Table 2.1 page 2-15) 
and a hexagonal socket wrench per  MS16581 as the torquing tool. Table 1.2 
was obtained using internal wrenching nuts (12 point socket) and bolts thus  
providing a more compact design since the requirement of wrench clearance 
is eliminated. 
connectors were designed using the various tables. 
established in the Design Handbook were utilized and the connectors designed 
f o r  the following conditions: (preliminary layouts only) : 

To appreciate the weight reduction that w a s  obtained, flange 
The design procedures 
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= 140 psi Pmax oper 
Design Temp = -297 F 
Pipe size = 8.0 O.D. x 0. 062 wall 
Gasket thickness = 0.062 inch 
Gasket width = 0. 25 inch 
(T yield (Flange Material) = 30,000 psi  

Effective seating stress f o r  gasket = 1850 psi 
Gasket s t r e s s  for effective seating = 925 psi  

0 

yield (Bolts) = 40,000 psi 

Using the above parameters and the tables (Table 2.1 of Design Hand- 

These designs a re  shown in Figures 1. 1 - 1 . 3  with their  calculated 
book, Table 1-1 and Table 1 . 2  of this report) three connector designs were 
obtained. 
weights. The results of the three designs a r e  tabulated below. 

'% Weight Savings 
Design Weight over Design 1 Comments 

1. Handbook 13.6# - -  Using Table 2. 1 of 
Design Handbook 
(box wrench) 

2.  First Modification l l . O #  19 Using Table 1. 1 
(socket wrench ) 

3. Second Modification 7.4# 45 Using Table 1 . 2  
(Internal wrenching 
Hardware) 

A s  indicated,use of the internal wrenching hardware resulted in a 
weight savings of 45 percent. If a design requirement is the reduction of 
weight, the internal wrenching hardware can provide this and sti l l  utilize 
hardware which is available and not considered special. 

Figure 1 . 2  shows that some additional savings a re  possible because 
unnecessary clearance exists between the nut and the bolt of the flange. An 
additional two percent savings can be obtained (477' total) by the perturbation 
of Second Modificatian (elimination of tolerance buildup). 

The results obtained used the preliminary design section of Chapter 2 
of the Design Handbook. Before the weight reduction is fully realized, it is 
necessary to perform the detailed s t ress  analysis to confirm that the design 
is satisfactory. 

1.1.3. Check Designs 

The design 
tion of weight, the 

addendum has shown that to realize appreciable minimiza- 
internal wrenching hardware should be used. In the check 
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designs this hardware will be used (Table 1 . 2  of this report  w i l l  be used 
instead of Table 2. 1 page 2-15 of Design Handbook) so  that weight optimization 
is achieved. 

The check design inputs received f rom NASA indicate the use of a 
Naflex sea l  as  the sealing mechanism. The use of this sea l  normally dictates 
the u s e  of kn integral flange with coritact outside the bolt circle.  Since the analysis 
section of the computor program for this type of flange has not yet been de- 
bugged, a t r ia l  check design will be done using no contact outside the bolt c i rc le ,  

Two versions of this design w i l l  be examined. (See Figures 1.4 and 1.5.)  
The flange projections outside the gasket c i rc le ln  Figure 1.5 a r e  to retain the 
seal and not to provide an additional load path. 
figures, the resultant configuration w i l l  evolve from both stress considerations 
and seal space envelope cons'iderat'ions. 

A s  can be seen f rom the two 

1 . 2  Computer Programs for  Flanged and Threaded Connectors 

1. 2. 1 Computer Program fo r  Flanged Connector Design 

1. 2. 1. 1 Introduction 

The digital computer program currently being written to optimize the 
design of flanged connectors can be broken up into five logical sections, inter-  
connected as shown in Figure 1.6. 

The entire effort during the second quarter  has been directed toward 
the analysis section in an effort to  obtain a working s t r e s s  analysis program. 
This effort has been partially successful in that an operating program to analyse 
integral flanges with no contact outside the bolt c i rc le  has been obtained. The 
additions necessary to handle integral flanges with contact outside the bolt 
c i rc le  have been written but not completely checked out. 

1. 2. 1 . 2  Integral Flanges - No Contact Outside the Bolt Circle 

The portion of the analysis section which deals with flanges having no 
contact outside the bolt c i rc le  w a s  checked out using the numerical example in 
the handbook on page 2-81. Considerable difficulty was encountered in trying 
to match the results presented, and  a recheck of the handbook calculations 
uncovered some numerical e r r o r s  in the sample problem solution. An errata 
sheet covering these correction will be prepared at a later date. 

The checked out partial  program for  integral flanges is presently being 
used to obtain the s t r e s ses  f o r  the check designs in Task 1.1. 
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1.2.  1 .3  Integral Flanges - Contact Outside the Bolt Circle 

The subroutines necessary to handle this type of flange have been 
writ ten but have not been completely checked out. 
are INIT 2 and FORCE 2. (See Figure 1.7.) 

Specifically these subroutines 

1 . 2 . 1 . 4  Loose Flanges 

In o rde r  to obtain a complete working program for the integral flange 
type of connector in the shortest  period of time, the programming of the 
subroutines applicable to the loose flanges has been postponed until after the 
integral flange program is completed and checked out. 

1. 2. 1. 5 Schedule 

The estimated completion dates fo r  various activities within this task 
are shown below. 
originally set  up since the sub-tasks have been redefined, 

These can be considered as replacing the milestones as 

Task Be gin 
!,2.? I”?mgec! Cnnnector Design Progmm May 1: 1965 

1.2 ..I. 1.1 PregraEming of h d y s i s  for  Inte- 

1.2..1.1.2 Programming of Analysis for Loose 

1.2.1.2 

gral  Flanges Only May l ,  1965 

Flanges Only Jan. 10, 1966 

Programming of Design & Design 
Revision Section Oct. 15, 1965 

Programming of Input & Output & 
Assembly of Entire Integral Flange 
Program Dec.13, 1965 

1 .2.1.4 Document at ion Jan. 24, 1966 

1.2.1.3 

Finish 

Feb. 11, 1966 

Oct. 15, 1965 

Feb. 11, 1966 

Dec. 24 ,  1965 

Jan. 14, 1966 

Feb, 11, 1966 

There  is no separate task for debugging as originally indicated, since the de- 
bugging of each subroutine o r  task is included in the time periods shown. 

1 .2 .2  Computer Program for Threaded Connector Design 

Since this entire threaded connector design is represented by combina- 
tions of equations, the greatest  effort  to date has been put into breaking the 
combinations down into logical sections and programming these sections as 
subroutines. 
included in the Handbook design. 
solve the l inear simultaneous equations and is now being checked. 

Each subroutine can then be  thoroughly checked using the example 
One subroutine has already been written to  

The 
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subroutine to evaluate the Ki constants has been written and is also being 
checked. 
variables so that computer running time can be reduced. 

The Ci  coefficients a r e  being analyzed for repetition of groups of 

Figure 1. 8 shows the presently planned flow chart for  the threaded 
connector design program. 

Subroutines Written - 

SOEQU: - The coefficient matrix and the constant vector a r e  reduced 
to upper triangular form and the dependent variables a re  solved for by 
back substitution. Each element is tested for zero before being oper- 
ated on the save computing time. Time is fur ther  saved by having the 
matrix in common storage so addresses wi l l  not be se t  up each time 
the subroutine is used. 

CALC: - To evaluate the  Ki constants. Again computing time has 
been saved by use of common for the variables. Further  more,  the 
equations have checked for any repetition of groups of variables and 
these a re  calculated only once. 
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HANDBOOK DESIGN UTILIZING TABLE 2 . 1  Page 2-15 

t 
ROL = 5. 688 

t 
RDC = 5.000 

1 
n 

Ro = 4.000 

R = 3. 938" I 

Heavy Hex Nut 
ASA B18.2 (1960)  
( 7 /  16)  

Weight - 13. 6 
Scale - 2 : l  

F i g u r e  1. 1 
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Weight  - 11. 03 
Scale - 2 : l  

F i g u r e  1 . 2  
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FLANGE DESIGN UTILIZING TABLE 1 . 2  

H = .274 I 
- c 

= 4.942 2 ROL 

-R = 3 . 9 3 8  I 

Figure 1.3 

- Nut 
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CHECK DESIGN "A" NAFLEX SEAL INSIDE SECONDARY LOAD PATH 

L - 1  
c . 148 . 2 3 8  

3. 0 R a d i u s  

2 .  66R Bolt Circle 

4 
I ' . i g 8  - 

I -2. 3i7 Radius  I 
2 .  0 R a d i u s  

Scale - 2 :1  

Figure  1.4 
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CHECK DESIGN "B" N A F L E X  SEAL OUTSIDE SECONDARY LOAD P A T H  

I I 

2 . 4 4  Rad .  L. 188 

Scale 2 : 1 

F i g u r e  1. 5 
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Input Sect ion 

Pipe parameters,  material properties at room temperature 
and at  tes t  temperature; gasket properties, allowable 
s t resses ,  design values of pressure,  temperature, axial 
load, e t c . ,  f o r  each operating condition. 

Design Section 

Calculate preliminary design values of hub thickness, length 
and taper; flange dimensions; bolt size and number. 

Analysis Section 

~ ~~~~ ~ 

Design Revision Section 

Check gasket load against minimum allowable. 
excessive deflections of flanges. 
bring maximum s t r e s s  ratios to 1. 0 a t  critical points. 

Check for 
Revise dimensions to 

0 

Output Sect ion 

Print  input parameters,  load conditions, etc. Pr int  s t r e s ses  
and dimensions after each revision i f  desired. 

Pr int  final dimensions and s t resses .  

LOGICAL DIVISIONS O F  FLANGED CONNECTOR PROGRAM 

Figure 1 .6  
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REAI) I N P U T  PARAllE'l 'J.;HS 
O U T P U T  - TITLE, HEA1)INGS. 

INPUT CONIIITIONS 

('all 1)I:SIGN 

Test IC'OND 

= l  

(:all INITl ('all INIT2 Cal l  l\I'l'-I + 

I 1 
= 4  

Call FORCE3 (:all FORCF:4 ('all FORCE1 Call FORCE2 

- - 
b 
v 

Call STRESS 

I--, Test KOUT 
I-!? = o  , 

Test KOUT 

Test IEND 
STOP 

= 1  

Figure 1. 7 
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THREADED CONNECTOR DESIGN PROGRAM 

< 

Calculate Approximate Dimensions 
for Initial Design 

Read: Input Parameters  

1 

- 
7 

Solve Equations for Deflection, 
Rotation, Forces  and Moments 

in Nut due to a Unit Force  

I 

CALC 
Calculate Constants K i  

t 
Calculate Spring Constant 

for the Nut 

Determine Preload 

I 

1 

Change Dimensions Calculate Stresses 

Calculate C35 thru CIo4 

S@LEQU 
Solve Equations for  

Flange and Union 
- 

-+ Check St resses  +OK 

d I 

Figure 1.8 
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2. Mathematical model of interphase sealing phenomenon 

2. 1 Introduction 

In the last  quarterly report (quarterly report No. 10, July 15, 1965), 
several  modifications to the computer program existing at the end of Phase I11 
were stated a s  being necessary for  use of the computer concept in a realistic 
fashion. Those modifications, six in number, have been successfully added to 
the program and have been used during this reporting period. 
modifications a r e  : 

Briefly, the 

a) Addition of a periodic o r  arbi t rary nature to the asperity distribution 
in a direction perpendicular to the potential leak path direction, 

b) Addition of a periodic o r  arbitrary nature to the surface in a 
direction parallel to the potential leakage flow, 

c )  Addition of an arbi t rary or periodic nature to the surface at some 
angle other than parallel o r  perpendicular to the natural leak flow direction. 

ai ivlating of sucn a generated surface with aIiut1ier geiiei;ated sfiilface 
(rather  than merely with a flat plate). 

e )  Addition of a la rger  number of possible height increments to the 
surface,  namely extending the computer programming from 2 2  increments to 
120 increments. 

f )  Increase in the plane area of the surface from 50 by 100 to 100 by 
200 units, 

With these modifications successfully included in the computer program, 
efforts have been directed towards evaluation of the computer program with 
regard to realistic growth of a rea  of contact and assessment of the a rea  of 
contact -displacement curves gained with an eye toward extending this relation- 
ship to an area of contact-load relationship. 

2 . 2  Review of computer program concept 

The goal of the present effort is to describe adequately in a digital 
computer system two surfaces comparing favorably to surfaces manufactured 
by r ea l  machining o r  grinding techniques, to mathematically force the two 
surfaces  into contact, to realistically cause the asperities to deform and the 
leakage paths to become reduced, and to assess  the probability of leakage 
existing in such a system. Where possible, probability techniques wi l l  be 
called upon to accomplish the total program. 
wi l l  be to establish the effect, by repetitive use of the mathematics, of the 
effective width, surface finish, material properties, and other parameters  on 

A use of the resultant program 
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thr ,  sealing phenomenon. 
c,xtrciin(.ly Zargc> clrnounts of testing of sealing surfaccs. 

It is intended that the c ~ o m p u t t ~ r  program will replace 

At the present time, mathematical surfaces  having the same probability 
distribution of asperity heights found in real  surfaces have been generated. 
Yon-random surface properties have been added, but to date, not used i n  a 
rc3;ilistic fashion. I3y mating such surfaces togethcr, utilizing the Abbott's 
hc>aring assumption, i t  has been possible to w a t c h ' t  the growth of areas  of 
contact and the diminution of possible leak paths, 
t t ic '  point a t  which leakage is quelled is noted. 
put together incrementally, without consideration of the loads required. A s  
yet ~ material properties have not entered the calculations. 

I 1  

13y use of a maze threader,  
To date, the surfacc>s have been 

It is intended that, upon accomplishment of realistic surfricc> gener a t '  1011 
and the mating thereof, leakage calculations through resulting passages w i l l  be 
tloric allowing the entire material deformation-leakage problem to be solved 
via computer techniques. It is possible, however, should the metal asperity deformation 
problem be solved, that leakage calculations may not have to be accomplished 
i n  o rder  to gain beneficial results from the program. 
us(' only of the present maze threader, to produce graphs relating the various 
sen1 parameters to probability of leakage. 

It may be possible, wi th  

'Yo date, the major concerns are  the realism of the present computer 
p r e g r x ~  2nd the  incorporztior! of rr.ateria! properties i::t~ the system. 

2. :3 Calculated surfaces mated 

To evaluate the modifications made in the computer program, six 
different combinations of sealing surfaces have been mated together. Using 
ten increments of height for a random distribution of asperities as gained 
from the inputs necessary for lapped surface generation, and superimposing 
on t h i s  a periodic function utilizing six increments of height, it has been 
possible to generate surfaces having the possibility of 16  increments of height. 
Such a surface by no means exhausts the capabilities of the computer program, 
but it is adequate for evaluating the modifications. The periodic function used 
is that of a wedged shaped wave form utilizing a 1 to 1 height-lateral distance 
relationship. The resultant wave form is shown in Figure 2. 1. Basically, 
t h i s  periodic function is put into the computer program such that the ridges 
caused by th is  function run  perpendicular to the leak flow direction. 

The final surface asperity distribution as viewed in a direction perpen- 
dicular to leak flow direction does not necessarily resemble the wedge shape 
shown i n  Figure 2. 1 since 10  increments of height a r e  used for the random 
distribution. (The total fraction of possible asperity heights utilized for 
the periodic wave form is only a b i t  over 1 / 3  of the total. ) Thus, the resultant 
form should hint at periodicity but be dominated by the random nature. 
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Using the above described basic surface generation, six separate 
matings have been accomplished. 
technique is to ignore, for the moment, the random nature of the surfaces. 
Showing only the wedge shaped characteristic of the surface, the first three 
matings a re  described in Figure 2 . 2 .  

To describe the six uses, the simplest 

It is to be noted that the lower surface has been generated to a width 
of 80 units. The upper surface with which it is to be mated is 50 units wide. 
This disparity in  width allows the upper surface to be displaced laterally up 
to 30 units. In the cases shown herein, it would be meaningful to utilize only 
s ix  possible displacements (one unit a t  a time) in that further displacement 
would produce repetitive cases.  Herein, cases  1, 2, 3 a r e  displacements of 
zero,  three,  and six units. The resultant matings allow: 

1) direct peak to peak mating, 
2 )  a partial peak to peak mating, 
3) completely out of phase mating such that the resultant surfaces, 

when mated , exhibit only their  random characteristic, 

Cases 4, 5, and 6 utilize the same asperity characteristics on both 
c ~ r f z c e e  if viewed i n  any plane perpendicular to the leak flow direction. 
cases  employ the same three translations of the top surface to the bottom. 
However, in order  to  assess a case where the asperities a re  not exactly 
parallel (as for  two machine surfaces, each having a lead) the top surface has 
been modified so that its asperities run (in a digital manner) at an angle to 
the periodic asperities on the lower surface. 
generation used. 
periodic asperities, a 3 to 1 slope with respect to the lower surface asperities. 
Because of the digital nature of the surfaces, the entire asperity ridge cannot 
be rotated at an angle. Rather, it is necessary to advance parallel for three 
units, then to translate the next three units to the right "one", and the follow- 
ing three units again to the right "one". In this manner, the general trend of 
asperity peaks a r e  not parallel but cross at an angle, in this case that angle 
indicated by a 3 to 1 slope of the upper surface. 
interface surface is only 100 by 80 units, the digital nature of the surface 
generation would be considered serious. However, should 200 by 300, or 
even l a rge r  areas  be used, then this deviation from real ism is not considered 
to be too serious. 

The 

Figure 2.3 illustrates the surface 
A s  can be noted, the upper surface has,  with regard to its 

In this case, where the actual 

F o r  each case,  both the upper surface and the lower surface a re  printed 
out individually on computer sheets. 
height representation. 
original surfaces , a height from a reference line which is placed one unit 
above the peak asperity height. 
specified that no rotation or inversion of the surfaces is 
one surface upon the other. 
upon the other and subtracts f rom the sum of the heights the two units representing 

Figure 2 . 4  illustrates the system for  
Each number on the print out sheet represents,  for  the 

The heights for the original surfaces a r e  SO 

necessary to place 
The initial mating print out places one surface 
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the reference line distances. Generally, the initial print outs should evidence 
extremely few areas  of contact. 
one unit at a time, and the resultant number represents the sum of the original 
two heights as  measured from the reference lines minus two minus X, X being 
the number of units through which the top surface has been displaced toward the 
bottom. 
either zero or negative, it is not printed and the omission indicates contact 
between the two surfaces. 

Thereafter, the surfaces a r e  brought together, 

At any location on the surface, should the value of the digit listed be 

In that, for  the first mating print out, a possibility of 28 heights exist 
(and only 10 numerical digits exist)  le t ters  a r e  used for indications of heights. 
Figure 2. 5 shows the scheme used, It is to be noted that there is a difference 
in the printing of a zero and the letter 0. The zero symbol has  vertical sides,  
whereas the 0 is somewhat rounder in configuration. 

In that a surface having 100 by 80 units takes two computer sheets to 
describe,  herein only half of each surface or gap distribution is shown, namely 
the 50 x 50 area.  A surface as illustrated herein has a leakage path running 
across  the page and the tangential direction running vertically (as the numbers 
a r e  read). 
different illustrations, only selected samples a re  shown in this report. The 
original surfaces ,  'being completely numbered, a r e  somewhat uninter- 
esting in thzt the significant aspcct of the  eo;r;piker sheets is the visual repre-  
sentation of areas  of contact. 
and a reas  of contact for case 1 in the conditions of displacements 1, 3 ,  5, 7 ,  9, 
and 10. 
each total surface is displayed. 
ment "there a r e  XX.XXXX% zeros ' '  indicates a per  cent area of contact exist- 
ing at the degree of mating. The remaining symbols I = , J = , N = , 
M = 
advanced. 

In that a total description of all six cases  entails the use of 160  

Figures 2. 6 through 2. 11 show the gap distribution 

In the latter case,  sealing is yet to be affected, Only the lower half of 
At  the bottom of each illustration, the state- 

1 1  

" indicate the size of the array and the point to which leakage has 

To illustrate the effect of slipping the top surface over three units with 
respect to the bottom surface (therefore mating the surfaces in a manner other 
than peak to peak), Figures 2 . 1 2  through 2 . 1 6  show the gap and a r e a  of contact 
distribution for  the fourth, sixth, eighth, tenth, and twelfth levels of displace- 
ment. 
being effected at the thirteenth displacement. 

Even at the twelfth displacement, sealing has not yet been effected, 

Figure 2 .17  shows the third set of surfaces in the eleventh displacement, 
displayed only to show the randomness of the area of contact distribution. 

The results of mating the fourth set  of surfaces, those involving the 
periodicity of the surfaces at an angle ra ther  than parallel, a r e  shown in 
Figures 2. 18 through 2.24, the second, fourth, sixth, eighth, tenth, twelfth, 
and thirteenth displacement respectively. 
in the leakage being quelled. 

The thirteenth displacement resulted 
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A s  one might expect, when the two periodic parts of the surfaces a r e  
at an angle other than zero,  slipping one surface three units with respect to 
the other  should not result in a significant change in either the growth of area 
of contacts o r  the point at which leakage is quelled. Statistically, the two 
results should be very much the same. A s  it turned out, the results were 
almost identical the leakage being quelled at the fourteenth displacement in 
tes t  Number 5 as  opposed to the thirteenth in test  Number 4. 
of a reas  of coiitact with displacement were plotted, the two tes ts  were 
identical. 

When the growth 

While Case 6 is not illustrated herein either, one would expect that it 
Leakage was stopped 

Only a small  change in the a rea  of 
also would be very s imilar  to the fourth and fifth test. 
a t  the thirteenth displacement in  Case 6. 
contact -displacement curve f rom cases 4 and 5 resulted. 

2 . 4  Theoretical a rea  of contact considerations 

The computer program, thus far, yields a rea  of contact a s  a function 
of distance between two reference lines, one imbedded under each surface. 
The a rea  of contact can be plotted as a function of the number of increments 
=sed i~ l  bri~lging the surfaces clsser tegether. While it x z y  b e  a s s u ~ e d  that 
each increment is an equal length, such is not necessary. 
puter programming necessitates the increments being equal. In fact, in 
ear l ie r ,  non-periodic tes t s ,  the increments were chosen to be other than equal. 

Nothing in the com- 

It is ultimately necessary to  re la te  the a r e a  of contact as a function of 
load rather  than space between reference lines under each surface. Load, o r  
s t r e s s ,  can be measured and is applied to a real  seal. The distance between 
two reference lines under the surfaces is related to load through the compli- 
ance or stiffness of the surfaces. Such, generally, wi l l  not be known due to 
the complexity of the problem, although some studies for particular surface 
finishes have been made. 

It is of interest ,  however, to tes t  the a rea  of contact-displacement 
curves which might be gained from these computer runs with possible area of 
contact-load curves. In order  to accomplish this, one can assume that the 
displacement increments a r e  equal, and that each increment of displacement 
is caused by the same increment of load increase. P r i o r  to accomplishing 
this, however, let  u s  review what might be expected with regard to a rea  of 
contact -load response. 

For two rough surfaces in contact, the a r e a  of contact increase with 
load is caused by two separate phenomena, f i r s t  the increase in number of 
contacts and secondly the increase in a rea  of contacts already attained. 
two surfaces with several  contact points between them, and the local s t r e s ses  
at each asperity being in the'pla'stic,range, area of contact is generally believed 
to increase linearly with load. Based on a nominal a rea ,  the a rea  of contact 

For  

2 -5 



I 
I 
I 
B 
8 
I 
1 
I 
I 
I 
8 
I 
I 
1 
I 
1 
I 
I 
I 

can then be considered to be l inear with applied s t r e s s .  
expect, at leastinitially (above the elastic s t r e s s  range on each single encounter), 
that o u r  a r ea  of contact would increase linearly with load. This is tantamount 
to saying that, once the assumption is made that distance increment is caused 
by equal increments of load, the area of contact would grow linearly with 
displacement increment. on the computer sheets. 

Hence, we can. 

However, it is acknowledged experimentally that for  large loads, where 
the t rue  areaof contact becomes n6arly the same as the nominal a r e a  of contact, a 
l inear relationship between area  of contact and load would not be realistic. One 
would expect naturally that the a rea  of contact would be approached asymptotically 
with increase in load. 
of the surface would not mate together absolutely. Such has been shown to exist 
experimentally in tes t s  conducted on r ea l  seals  under this program. It has been 
suggested by Finne and Shaw (The Friction Process  In Metal Cutting, Transactions 
of the ASME, November 1956, pp. 1649-1653) that the a rea  of contact versus 
load curve follows an exponential curve given by: 

Even at extremely high loads, certainly some portions 

-BN - -  - 1 - e  A r 
A 

where A r  is the real  area,  A is the nominal area,  e is the Naperian base, B 
is a constant, and N is the load. 
cor?tact versus load curves,  the deviation from linearity would be smaii  and 
such an equation would allow an asymptotic approach to one of the ratio Ar /A .  

While small  loads would yieldnonlinear areaof 

Hence, two possible curves might be expected, linearity over the lower 
range of load, and an asymptotic approach to  100 percent a r ea  of contact for 
high loads, which might be represented by equation (1). 

2. 5 Results of a r ea  of contact - -load-displacement relationships investigation 

If the growth in a r e a  of contact is plotted versus increments of displace- 
ment f o r  all of six tes t  cases,  the curves shown in Figure 2.25 and 2 . 2 6  result. 
In both figures, i t  wil l  be noted that the curves a r e  anything but l inear for very 
low increments of displacement, s a y  up to approximately eight units. However, 
f rom approximately eight to 14 units, the curves a r e  exactly l inear,  then 
followed by an asymptotic approach to 100 percent a rea  of contact. Of course,  
with a digital representation, a t rue asymptotic finality to the curves is impos- 
sible; at some particular level of displacement, 100 percent a rea  of contact is 
achieved. 

A t  this point, it is judicious to question the validity of the mathematical 
model at early stages of displacement. 
ment, very few actual contact a reas  have been produced, as  is shown in the 
computer print outs displayed herein. 
expect that a load increment equal to one producing a displacement, s ay  between 

For the first few increments of displace- 

Thus, it is certainly unrealistic to 
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12  and 13, would be equal to the displacement, say between four and five, 
it is fitting to rule out the early part of the data and test  the results merely 
from the point of linearity forward. In Figures 2.25 and 2 ,  26 ,  the l inear por- 
tions of the curve have been extended downward until they intersect the zero 
a rea  of contact line. 
curves one against the other. 
Figure 2 .  27. 
rcspdndseemingly asymptotically towards 100 percent a rea  of contact fo r  high 
increments of displacement, 

Thus, 

In this condition, however, it is difficult to compare the 
Thus, all six curves have been replotted in 

In Figure 2.27, all curves a r e  then l inear at the outset and all  

It is interesting to note the similarities and differences among the six 
curves. 
became eas ie r  and easier  to build up a reas  of contact per  unit displaced, 
would expect this. 
another, then the lowest points in the surfaces would be immediately opposite one 
another, and initially the greatest gap height would exist. Hence, more incre- 
ments of displacement would be required to bring those final points into contact. 
Comparing curves 4, 5, and 6, it is  noticed that 4 and 5 yield identical curves, 
too close to be plotted separately. 
plotting almost impossible. 

difference as  f a r  as growth of a rea  of contact, 

Fo r  example, as the tes ts  progressed from one to two to three, it 
One 

When the two periodic functions a re  exactly opposite one 

Curve 6 is so close that it makes separate 
Thus, we have further confirmation, in the case 

of the pzr;od;zity, that of the s-ui-faces iliakes a"usol-utely 110 

With regard to leakage, the following observation can be made. In 
general, the a r e a  of contact necessary for the angled periodicity cases ,  4, 5, 
and 6 ,  is greater than for the parallel cases ,  1, 2 ,  and 3 .  The location on 
each curve where leakage was quelled is marked by an X in Figures 2.24, 2.25, 
and 2.26.  

Table 2. 1 tabulates the various displacement/area of contact relation- 
ships. It can be noted that five of the six cases ,  1, 2,  4, 5, and 6 all sealed at 
approximately the same displacement (load) with only case 3 sealing at a much 
lower load (incidentally, the test  which had no periodic nature to it).  Were 
increment of displacement to be proportional to load, then one would expect 
that the load for sealing in cases 1, 2 ,  4, 5, and 6 would be approximately the 
same,  although the a rea  of contact associated with leakage stoppage in each 
case would be different. This fact is not completely compatable with logic. 

In order  to assess  whether the load/area of contact curve as described 
by an exponential curve is reasonable, Figure 2.28 has been plotted, showing 
the results from test  3 along with an exponential curve, matching the computer 
curve at an a rea  of contact of 78 percent. In that only one constant is present 
in the exponential equation, c loser  relationships between the two curves cannot 
be expected. In that the exponential curve is an approximation anyway, and has 
nothing to do with the physical situation, this agreement is considered reasonable. 
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Of the two comparisons, the linearity found in the computer curves is 
much more  encouraging than the proximity between the computer data and an 
exponential curve. 

From Table 2. 1, the extent of the actual linearity existing in the com 
puter data can be seen from column 8. The number in parentheses is the per -  
centage of area of contact which exhibited linearity. It can be seen that over 
40 percent of each curve was l inear with respect to displacement in each case. 
The range of linearity, the per  cent a rea  of contact at which linearity began 
and which it ended, is also plotted in the same column. 
the slope of the lines, defined here  as the per  cent a r ea  of contact divided by 
the digital increments required to attain that per  cent a rea  of contact, is akin 
to the compliance o r  stiffness of the surface. The steeper the slope, the 
eas i e r  to attain mating. 
tes t  1 yielding the lowest slope. 
graphs, that the slopes in tes ts  4, 5,  and 6 a r e  nearly identical. Physically, 
this is quite plausible. 
two sur faces  that a r e  generally flat with low relief scratches (as in the lapped 
case) ra ther  than two surfaces having asperity distribution such as wedges. 

Column 7 in Table 2 .  1, 

It is noted that case 3 yielded the steepest slope, with 
It can also be noted, as can be seen from the 

It would be much eas ie r  to produce complete mating on 

2.  6 Future plans 

At present, it is planned to zontiri.Lie with the experimental computer 
programming as has been described herein in order  to make as realistic as  
possible the mating phenomenon in a mathematical sense. The question as to 
the excess material  which is presently ''thrown away" by use of the Abbott's 
bearing curve w i l l  be attacked. A means of bringing mater ia l  properties into 
the program w i l l  be explored. No major attempts at calculation of flow in the 
gaps existing in any of these surfaces w i l l  be made until it is assured that the 
mating of surfaces is satisfactorily realistic. 

Also, effort& a r e  being undertaken to generate surfaces directly from 
Talysurf t races  ra ther  than development of surfaces via probablistic o r  
periodic function techniques. 
longitudinally and displace laterally, coupled with a digital accumulation of data 
which can be stored on punched tape and l a t e r  committed to a digital computer, 
it should be possible to accomplish all that has been accomplished to date with 
regard to mating on surfaces gained directly from pieces of metal ra ther  than 
mathematics, The adaptation of a Talysurf to such use has been accomplished 
by the Burndy Corporation of Norwalk, Connecticut. Attempts at utilization of 
this equipment a r e  being made. 

Through use of a Talysurf programmed to move 
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Figure 2. 1. Periodic wave form used. 
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1) Peaks "in Phase" 

2 )  Peaks Translated 3 Units out of Phase 

3) Peaks "out of Phase" - Purely Random 

A A 

Figure 2.2.  Cases  1, 2,  3 - Parallel  Periodic Pat terns  Perpendicular 
to Leak Flow Direction. 
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a) 

Reference Line 

Reference Line 

b) 

c) F i r t  Mating Print-out 

Figure 2.4. System of Height Representation 
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101 /46AOCEEUA851 55AFHOE~B7468DBCF#FEB9966DADfGEBA~556  

THERE A R E  0 . 7 6 0 0  P E R C ~ N T  Z E R O S  
1' 51 J= 3 NS 51 MS 102 

Figure 2 .6 .  e A r e a  of Contact/Gap 
Distribution After 1 Increment OB Displacement. 
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56  / 6 9 9 t C ~ Y t 8 9 5 3 4 3 6 V G F F t ~ A 6 ~ 7 9 o C R C 0 0 9 0 7 6 3 A 9 9 A C E O 9 5 6 2  2 
57 / 6 8 7 b A D F U 0 7 3 2 J J 4 7 D D ~ A 9 5 3 6 6 7 7 6 D D b B 0 0 7 6 0 0 B 8 B C E A O 6 8 4 2 4  
St3 / 5 6 6 A A F G t A 7 3 2 2 3 4 & C C R O 7 4 ~ ~ ~ 3 3 8 9 A 8 0 8 8 5 4 1 8 6 9 B C E O 9 7 8 4 1 3  
59 / 5 6 6 A A ~ F F C 0 7 5 3 4 6 9 C C B O U 5 ~ 5 4 5 6 O ~ G D B O 9 6 6 2 7 8 O B B D 0 9 7 8 4 2 4  
6 0  / 4 6 6 t 3 A D E F H 6 5 4 3 5 6 ~ A l 3 A O U 7 5 6 5 6 5 0 0 8 6 3 3  4570AC87551 1 
6 1  /255~0kCfCY764566BDCUH866667608DCB9975175OCDG6074 
62 1 3 4 ~ 8 9 D t R 9 8 7 4 5 6 6 0 E 8 3 t J 9 5 5 4 5 4 7 9 B A 9 6 7 7 5 3 8 H O C C D O 8 7 5 1  1 
6 3  / 24bBYCtR8763458A6RBU74434369BA977752660CCDO8751  1 
4 4  / 2 5 9 9 u E ~ 0 7 7 5 2 J 4 7 C F F ~ c ~ 7 6 5 6 5 8 O C ~ A B A ~ 8 ~ 7 7 A G ~ G G D A 7 3 3 5  
65 / 1 4 8 3 0 A i ~ ~ B C ~ 3 4 6 ~ D I H ~ t ~ 7 ~ 4 ~ 4 8 O ~ ~ C E C D C 9 9 7 O D D D D A ~ 4  2 
66  /68OARDJhCb09556G€I l G t C 8 5 3 5 4 9 0 E E E F D A 9 6 4 4 O C C C 6 0 7 5 3 3 5  
67 / 9 0 C F F J ~ ~ D A A I 4 5 6 0 D F P ~ ~ O 7 5 3 4 4 9 O D ~ E E C 9 7 3 2 3 8 A 6 B A 8 5 3 2 2 5  
68 / O A F I ~ I ~ G A 9 8 5 2 4 h 9 U D E ~ ~ 9 7 5 3 6 6 6 A ~ ~ D ~ C 9 5 1 1 2 7 9 O A 9 6 5 2 1 1 4  
6 9  / O 9 C ~ C c J ~ A g 6 4 1 2 5 ’ ~ C D E ~ c 7 ~ 2  3509BDBBA73 1679A0764214  
7 0  / 9 ~ o A ~ D E ~ 0 ~ 8 6 2 4 7 0 C C B ~ ~ 7 ~ 3 1 4 7 0 9 D G F E ~ A 8 3 3 6 O A A B A 8 7 5 1  4 
7 1  / 88OJOCDCA0855468CCE~tJH86479AA€HGEGA622589909653  5 
72  /78099CCt309742246098tlA7664798CFHFCD84 378899875327  
73  / 6 6 A U O C C 8 9 8 6 4 3 3 5 7 0 9 B ~ ~ ~ 7 6 4 ~ A C C E H E E f 0 6 4 4 7 O A A 9 D B B 9 8 5 7  
74 /66O~lADDC0976667bCCBG1j8t j656ABCEHER062 15800ACB09724 
75  / 6 7 O A O B B A B 7 ~ 4 2 J 4 9 A O R C 9 5 5 3 2 4 8 0 9 C b F C 8 8 4 3 4 7 8 A A ~ ~ B 9 8 6 ~ 4  
76 / 5 6 7 9 8 0 A 0 7 7 ~ 4 1 3 4 Y A B E ~ u ’ 7 6 6 4 6 8 O O C J G C 6 7 3 2 3 8 9 0 A ~ O O 7 6 5 3 6  
77 / 5 5 5 A O D F t B B d A B 9 8 C f G J J t ~ ~ 7 6 ~ 9 O O C J l E C 8 4 2 3 7 A E C D ~ 9 6 5 4 2 5  
70 / 6 5 6 ~ 0 f F ~ 0 0 9 5 4 6 6 n D G ~ J t i ~ 9 7 4 ~ 7 8 9 0 ~ H E D 9 5 3 5 7 9 B A B ~ 7 4 3 2  3 
79 / 6 4 7 B O t F C 9 A B 4 2 5 ~ y C E F ~ ~ 9 6 4 1 4 8 8 9 D J H D E 0 6 4 8 9 A D D € A A 9 7 6 3 5  
80 /578COBDAH073 44bBaCEA97735990FKHGE853799CCDAA98966 
81 / J 5 5 0 9 A D A 8 9 9 5 2 5 4 0 C C E ~ t ~ ~ 9 6 8 0 0 4 D W F C 9 0 3 J 6 6 6 ~ O B A A ? 9 ~ 5 6  
82 /1336HBDA8873 33UBB€lEdY898AAOACFED943255598A0088734 
8 3  / 2167ACU7762 220CDDFd0887990ACHGGA65333598A0088734  
84  1 1148AB96631  12ACCDE497546790BODC954223598AA976522 
85 / loClABk7762 23YABDkABA64670ACIFE084123599BBO77633 
86  / l .70bEC9994157BEFGGHDi36468OBClGEO73 155898A967622  
87 / 170~)DC989b178ACCDkAC721~7OEIEJFE962  4589898574  
8 8  / 1270DCA99A82670AABCU051 4690DIFE962 16790CA9674 1 
89 / 2370DBOA007256YAOBBB&7~266OAFLJJC9624689OCA9b9633 

9 1  / 2 2 4 9 0 D C U A Y 9 6 1 6 7 6 9 9 A O / U 4  23788QDC752 259000978622  

93  / l l t b 7 0 0 8 0 8 9 7 4 Y 9 & 9 0 A O ? t 3 6 ~ 2 5 7 O O G Q A A 6 4 1  37988EB009634 
9 4  1 168AAPB90749878900186324699EE9952 168BBCBAAA966 
95 / 26VCCBDBA950990ADCUA96479BDJKCCO7414AADFGHGEEl l87  
96  1 1460DDCC09950779AbCUA9649AEF~JD~97313AOCCCDBOO645 
97 / 1 6 9 A E E ~ C 0 9 7 3 8 6 d A C H U f ~ A 6 4 9 O C E G r F E C 0 7 4 4 9 9 B O A C A 9 8 4 3 4  
98  / 3 g A B F E ~ C B A 7 2 7 4 ~ C G J F C C 9 5 3 8 A O A D b D D C 8 8 3 3 7 9 e D ~ D B 9 8 3 2 2  
99  / 490BfECCA851649CG!CAO7227~99BEDCk5722~7AD€CO87211  

1 0 0  /1599CFEDB962 327AFdDAO5137CAACEECA894488ADEB985211 
101 /2498ACCBQ63 339DF6CU05246BOADFDCO7744898DECO96334 

9u  /1126980909062780BADC9062 5590EJGF974 24690CBA9A623 

92  / l i 2 8 R A A 8 0 8 H e 2 7 7 6 7 8 9 8 9 7 4  2479DPA053 1360AEDBA0734 

T d t R E  A R t  3.0600 PEHBENT ZEHOS 
1’ 5 1  J= 8 N. 5 1  M =  1U2 

Figure 2.7. Case  1 - Parallel Periodicity in Phase, Area of Contact/Gap 
Distribution A f t e r  3 Increments of Displacement. 
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56 / 9 7 7 C A t F U 0 7 J 1 2 1 4 7 E D B C A ~ 6 6 5 7 7 A 0 A 8 8 7 8 5 4 1 9 7 7 9 A C 8 7 3 4  
57  /465U9dDdY51 1125BBA973144550BRBO88542866OAC98462 2 
50  /34499UEC951 126AAOd52 2 11679086632  6b70AC87562 1 
5 9  / 3 4 4 V 9 C O U A ~ 5 3 1 2 4 7 A A O ~ b 3 1 3 2 3 ~ 8 0 B B O 8 7 4 4  56800887562  2 
60 / 2 4 4 U 9 B C U 0 6 3 2 1 3 4 6 Y O V 6 8 5 3 4 3 4 3 8 0 0 0 8 6 4 1 1  23589A6533 
6 1  / 3 3 8 8 9 A ~ A 7 5 4 2 J 4 6 0 ~ A ~ U 6 4 4 4 5 4 8 0 8 A O 7 7 5 3  568A8EU852 
6 2  / 12b579Cfl76523460CBdU73d2325709745531668AAB8653 
6 3 / 2 b 4 I A C 0 6 5 4 3.2 36 9 0 0 0 U 5  2 2 1 2  1 4  7 0 9 7 5 5 5 3 4 4 8 A AB 8 6 5 3 
64  / 3178C138553 125ADBd4H5434368A0909064559EFEEB95113 
6 5  / 26t39YFtRUA61246BGF~UO53268sAACABAACABA7758BBBd952 
6 6  / 4 6 8 Y O ~ H ~ A O d 7 3 3 4 8 C G b ~ ~ A 6 ~ 1 3 2 7 8 C C C D ~ 9 7 4 2 2 8 A A A U 8 ~ 3 1 1 3  
67  / 7 8 A U D H J H H 9 9 5 2 J 4 8 B U b ~ A ~ 5 ~ 1 ~ 2 7 8 B C C C C h 7 5 ~ .  1 6 9 0 0 9 6 3 1  3 
6 8  /89DGCGIE976,5 2 4 7 B B C 1 3 6 7 5 3 1 4 4 0 9 B C B C A 7 3  5 7 8 9 7 4 3  2 
6 9  /87AdAkHU9742 3bAFJCAA53 1 3 8 7 0 8 0 0 9 5 1  45798542  2 
70  /77899dCd8864  257AABAA531 2587BEDCC9611489909653 2 
7 1  /66888ABA9&63124oAACdu6642579QCFkCE94 3 6 7 7 8 7 4 3 1  3 
7 2  /56877AA0$752 24879095442570ADFDAB62 I 5 6 6 7 7 6 5 3 1  5 
75 / 4 4 9 ~ 8 A A 0 7 6 4 2 1 1 3 5 8 7 0 D u 6 5 4 2 J 9 A A C F C C C 8 4 2 2 5 8 9 9 0 ~ 0 0 7 6 3 5  
74  / 4 4 8 8 9 B B A P 7 5 4 4 4 5 U A A C t U 6 6 4 3 4 9 0 A C F C 0 8 4  36889A0875 2' 
7 3  /458980096532  127980A7331  268HAEDA0621256990BO764 2 
76 / 3 4 5 / 6 8 9 8 5 5 3 %  12790CuU54424688AHEAO51 1 6 7 0 9 0 8 8 5 4 3 1 4  
77 / 3 3 3 9 a d O C 0 0 0 9 ~ 7 6 A C E H H U ~ U 5 4 6 7 8 8 A ~ G C A 6 2  159CAB87432 3 
7 8  / 434U8CDl3887d2443BEHntA7523567OGFCb7313570906521  1 
79 / 4 2 5 u e C g A 7 9 6 2  337ACRu!!742 2657BHFBC84257989C9975413 
80 / 3 5 6 A 9 0 9 9 6 8 3 1  22600ACY75513778DfFEC631577AAB9976744  
81 1133879396773 326AAeFC87746889BFDA72114448889977634 
8 2  / 1 1 6 6 0 8 9 6 6 5 1  11&00BCU7676Y989ADCB721 3337698866512  
8 3  / 459A8554 6 A B B ~ I U ~ 6 6 5 7 7 8 Q A F t E 9 4 3 1 1 1 3 7 6 9 8 8 6 6 5 1 2  
84  / 46907443  9AABCQ753245780EBA732 1 3 7 6 9 9 7 5 4 3  
8 5  46909554  179OBC909424589AQDC862 1 3 7 7 0 0 8 5 5 4 1 1  
8 6  / 588CA7772 350CDEfUBU424680AGEC851 3367097454  
8 7  / 988RA7674 569AARC9A5 358OCHDC74 2367086352  
88  / 38dA97796 45H990Abb3 2478BGDC74 4578A97452 
89  / 158M089885 3 4 7 9 8 0 9 6 9 5 1  4489DJHHA74 24678A9747411  
90 / 470878786  S6809BA7114 3378CHED752 2478A09794 1 
91 / 2788A89774 4567796262 1560E0A53 378807564  
92 / 669968664  5545676352  257BD9831 1489CB098512 
9 3  / 458868675277b78989641  3588EE9942 15700C0867412  
94  / 469970785276567885641  2477CC773 4600A0999744 
9 5  / 47AAOR0973877890A8974257OBH!AAB52 299BDEFECC865 
96 / 248BBAA6773855798A8974279CDIHB0751  198AAAB088423 
97  / 479CCt lA87516469APfCC94278ACE~DCA852277089A976212  
9 8  / 169UDCBA095 526AEWDAA7316989BCBBA661157ABB80761 
99 / 2780DCAA963 427AEQA985 50770CBA935 459BCA865 

1 0 0  / 377AUCB074 1 59DEd983 15A9QAClCA96722669BCO763 
101 / 2769AhU741 117BDCA883 24089BDBA85522670BCA874112 

T H t H f  A 9 f  9 .2200  PERCENT L E R O S  
10 5 1  J= 8 N =  5 1  M =  192 

Figure 2.8. Case 1 - Parallel Periodicity in  Phase.Area of ConLact/Gap 
Distribution After 5 hcrements  of Displacement. 
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57 /24Jd7IJ3U63 SUO9131 2233800086652 64489A7624 
5 8  /122/7t3Ck7.3 49980.5 4 5 7 8 6 4 4 1  44589A6534 
59  /12277AQdQ631  2599H641 1 1 2 6 8 0 0 8 6 5 2 2  3468806534  
6U / 22870AdR41 1 2 ~ 7 ~ 7 0 ~ J 1 2 1 2 1 6 8 8 8 6 4 2  i 3 6 7 9 4 3 1 1 
6 1  / 116679dU532 1248090t3422232680985531 31690C863 
6 2  / 94SOk8543 1248A008511  1 3 5 8 7 5 2 3 3 1  4 4 6 9 9 0 6 4 3 1  
63  / 445989452 14788863  2 5 8 7 5 3 3 3 1  2 2 6 9 9 0 6 4 3 1  
64  / 135bADh531 5988096321214698787842337CDCCO73 1 
6 5  4667DCrltj94 2rOEbdHt351 1 46099A9095536000073  
6a  / 2 4 6 7 9 0 F U 9 B D 5 1 1 2 t ~ A E E ~ ~ 9 4 1  1 56AAAB0752 6 9 9 9 8 6 3 1  1 
67 /569dBPdFU773 12oOBR09631 560AAA953 4 7 8 8 7 4 1  1 
68  / h 7 R t A t G C 7 5 4 1  25UUAUu53i 22870AOA951 3 5 6 7 5 2 1  
69  /65909CFI j752 1590AVY31 165808873  2357632  
7 0  /55677i IAU6642 359909931  3650CBAA74 2 6 7 7 8 7 4 3 1  
7 1  I 4 4 6 6 h 9 0 9 7 6 4 1  2499AU8442 3577AOCAC72 1 4 5 5 6 5 2 1  1 
7 2  / 3 4 6 9 5 9 9 8 6 5 3  265787322 3589888904  3 4 4 5 5 4 3 1  3 
73 / 2 2 7 6 6 9 9 8 5 4 2  14658tJ843L 1799ADAAA62 367780885415  
74  /224670095532223d99ACn44L12789AnAB62 1 4 6 6 7 9 8 6 5 3  

76  / 1 2 3 3 4 0 7 6 3 3 1  378AUbS22 24669FC983 4 5 8 7 8 6 6 3 2 1  2 
7 7  / 11116U948d8 /4549ACFFHOYJ245669F€A94  37A906521  1 
78  /212t!6kBO6651 227OCFl.CV55 13458EDAU51 1 3 5 8 7 8 4 3  
79  1 2  366ABY574 l i 5 9 A B i J 8 5 2  4450PDOA62 45700A77532 1 
80 /134YcIC10 1463  4889A1535 15560GDCA41 3559907754522  
8 1  / 1 1 6 3 7 0 7 4 5 5 1  1 699AI lA6532466700895 2226687755412  
5 2  / 44t lC?443 68809U545477d798AO5 1 1 1 5 4 7 6 6 4 4 3  
83  / 23796332  6 9 0 0 ~ H b 4 4 J 5 5 6 7 9 8 C C 7 2 1  1 5 4 7 6 6 4 4 3  
84  / 2 4 7 3 5 2 2 1  1 9 9 0 A / 5 3 1  23568C0951  1 5 4 7 7 5 3 2 1  
8 5  / 24787352  5780A7872 23679CBA64 1 5 5 8 8 6 3 3 2  
6 6  / 3bOA9555 13dABCC6082 24699ECA63 1 1 4 5 8 7 5 2 3 2  
87  / 300095452  347990A7uJ 136BAFBA52 1 4 5 8 6 4 1 3  
80  / 35b975574  2 5 6 7 7 8 9 4 6 1  2560EBA52 235697523  
8 9  / 360867665  1257686473  2267BHfF952  2456975252  
90 1 258656564  54b87OY5,h2 115hAFCB53 2 5 6 9 8 7 5 7 2  
9 1  5,60967552 234i5576.54 348C0931 1 5 6 0 8 5 3 4 2  
92 / 447746442  532345413  3 5 0 8 7 6 1  267A08763 
93  / 236646453  5545676342  1366CC772 3588A86652 
94  / 247756563  5434566342  255AA551 248898777522  
95 / L599808751655670Y6752  3580F09963  770BCllCAA643 
96  / 260099655163557090752  57ABGF0853 7699908662  1 
97  / 257AA09653 42479DCAA72 569ACEBA963 558679754  
98  / 4’111BAU9875 3 49CFt.49951 47670C00944 359000854  
9 9  / 56813A99741 2 59CEY763 38558A09713  2370A9645 

101 / 54799852  5 0 B A P b o l  28670809633  4580A9652 

7 5  / 2 3 6 7 6 8 8 7 4 4 1  5 7 6 ~ o ~ i i  4 6 6 9 e ~ 9 8 4  ~ 7 7 8 0 8 5 4 2  

1 0 0  / 1559HAU952 n37UC0761 39779AA9745 4470A8541  

T r l t R E  A 2 t  1 9 . 4 0 0 0  P E H C t N T  L E H O S  
I =  51 J= 9 N =  5 1  M =  102 

Figure 2 .  9. Case 1 - Parallel Periodicity in Phase.Area of Contact/Gap 
Distribution After 7 Increments of Displacement. 
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5 6  / 33Y7A9i163 
57 / 2165dOH41 
55 / 35UA351 
59 / a 559011741 
63 / 6589062  
6 1  / 4457U7J1  
62 / 2 2 3 8 9 6 3 2 1  
63  / 2 3 3 7 9 6 2 1  
64  / J 3 4 9 d 4 1 1  
65  / 2445QA8072  
6 5  / 2436dDu7685 
67 /347U01lF085~51 
68  1450C9CEA532 
6 9  /437d7ADu54 
71) / 334S5898442  
7 1  / 2 2 4 4 4 7 8 7 5 4 2  
72  / 1 2 4 3 3 7 7 6 4 3 1  
73 / 
74  1 
75  / 
76  / 
77 / 
78 / 
79 1 
80 
8 1  / 
82  1 
83  1 
84 
8 5  / 
8 6  1 
87  / 
8 8  J 
8 9  / 
90 1 
91 1 
92 
93 1 
94  / 
95 / 
9 6  / 
97  / 
98  / 
99  1 

100 / 
101 / 

54477632  
4 9 5 8 8 1 4 3 1  

14>4S6521  
1 5 2 4 5 4 1 1  

JAU09 /42213376784341  53357943  
1 8 8 7 5 5  1 1 6 8 8 8 6 4 4 1  42267954 2 

2356422  2236794312  
4688643 1246684312  
466642 1 4 5 7 2 1  

1 461376331 1 2 4 7 8 A 6 4 1  
1 3 6 5 3  11 2 2 4 7 7 9 4 2 1  

3 6 5 3 1 1 1  4 7 7 8 4 2 1  
247656562  115ABAA851 
2 4 8 7 7 9 7 8 7 3 3 1 4 8 8 8 8 5 1  
349990053  4 7 7 7 6 4 1  
3 4 8 9 9 9 7 3 1  256652  
65898973  1 3 4 5 3  

1 3 5 4 1  4 3 6 8 6 6 5 1  
1438A09952 4 5 5 6 5 2 1  

13559RA9A5 23343  
1 3 6 7 0 0 0 7 8 2  1 2 2 3 3 2 1  1 

577989994  1455686632  1 
56798964  2 4 4 5 7 6 4 3 1  
744 7A0 762  I 2 5 5 6 8 6 3 2  
2447DA761 2 3 6 5 6 4 4 1  

2 3 4 4 7 DC9 72 1.5 9 7 H 4 3 
1236CR983 1 3 6 5 6 2 1  
2 2 3 8DBB 9 4 2 3 5 8 8 955 3 1 
3 3 4 0 E B A Y 3 1 J 3 7 7 8 5 5 32 3 

244588073  44655332  
226852'21 

1 5 7 4 1 1  
2565 
2 5 6 5 1 1  

1 4 8 9 7 3 5 3  
1 4 8 8 7 3 2 3  
1 4 6 7 5 3 3 5 2  
1 4 8 6 4 5 4 4 1  

36444542  
34874533  
22552422  

1 4 4 2 4 2 3 1  
2 5 5 5 6 3 4 1  
37768655  
48877433  

3 5 9 9 8 7 4 3 1  
2 5 6 0 9 6 7 6 5 1  
34609  7752 
33709t)63 
3257763  

466HYb32J2554570983 
478HUb422133457RAA5 
57789931  1 3 4 6 8 8 7 3  
d56899b5 1457C0942 

1690AAOH6 2467CA941 
1 2 5 7 7 8 9 9 7 1  1 4 6 9 0 0 9 3  

145561L4  340C093 
3 5 4 6 6 Z S l  450FDD73 

1246587S4 349DAO31 
12535412 1 2 6 A 6 7 1  

11 1 2 3 2  1 1 3 8 0 5 4  
332346412 144AA55 
321234412 3 3 9 9 3 3  
4354587455 1 3 6 8 D f 7 7 4 1  
4113587433 3590ED8631 
2 257RAY95 3479AC09741 
1 27AIJi1173 25458A88722 

37AC7341 1 6 3 3 6 9 8 7 5  1 
15UAd34 1 7 5 5 7 9 9 7 5 2 3  
3809744 6 4 5 8 0 8 7 4 3 1  

3 2 5 4 4 2 2 1  
3 2 5 4 4 2 2 1  
3 2 5 5 3 1  
3 3 6 6 4 1 1  
23653  1 
2 3 6 4 2  1 

1 3 4 7 5 3  1 
234753  3 

3476535  
3486312  
4 5 9 8 6 5 4 1  

1 3 6 6 9 6 4 4 3  
266765553  

558048A99421  
547778644  
3 3 6 4 5 7 5 3 2  
1 3 7 8 8 8 6 3 2  

1 5 8 9 7 4 2 1  
22589632  
23689743  

Tt-it:RE A e t  3 2 . 8 2 0 0  r ' f K C t i J T  L E K O S  
I =  5 5  J= 1 0 2  N =  5 1  M= 1U2 

Figure 2 .  10. Case  1 - PBra l Je l  Periodicity in  Phase-Area  of Contact/ 
Gap Distribution A f t e r  9 Increments of Displacement. 
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5 6  / 23tlbSA.352 2 0 9 9 n o 4 1 1  226567323  42246832  
57 / 1 747913  77642 5777533  31156843  1 
53 44YOb4 16653 1 2 4 5 5 1 1  1 1 2 5 6 8 3 2  1 
59  i . 44d9Y63 266531 3577532  1355752  1 
60 I 7 4 7 9 9 5 1  1 4 3 4 3 5  3 5 5 5 3 1  3 4 6 1  
61 / 334696% 1 5 7 6 7 9 1  3576522  1367053  
62  / 1 1 2 7 8 5 2 1  15 t i7732 2542 1 1 3 6 6 7 3 1  
6 3  / 1126851 1 4 5 5 5 J  2542 3 6 6 7 3 1  
44 1 ~ 2 5 ~ 3  699 703 1 3 6 5 4 5 4 5 1  40A0074 
65  1 3 3 4 A 0 7 5 6 1  17BA395 13766867622  377774  
66  / 13457CA6572 38BD0361 238889742  366653  
67  123699CEC744 3799 l a 3  23788862  1 4 5 5 4 1  
6 8  /349d88DU421 2779772 54787862  2342 
6 9  /326160C942  67865 3257554  243  
70 / 2 2 3 4 4 7 5 7 3 3 1  L 6 6 7 o (5 3'27098841 3 4 4 5 4 1  
7 1  / 1 1 3 3 3 6 7 6 4 5 1  1 6 6 8 7 9 1 1  2448A0804 1 2 2 3 2  
7 2  / 1 3 2 2 6 6 3 3 2  3 2 4 5 4  2569A9671  1 1 2 2 1  
73 4 5 3 6 6 9 2 1  *325Y>1 4668A8883 3 4 4 5 7 5 5 2 1  
74  / 34477632  5 6 6 8 0 9 1 1  4568A855 1 3 3 4 6 5 3 2  
75 / 3 4 3 5 5 4 1  2435bd  1 3 3 6 0 9 6 5 1  1 4 4 5 7 5 2 1  
75  / 21345  2 4 5 8  7 \ j  1336CQ65 1 2 5 4 5 3 3  
77  / 4 3 7 9 8 5 3 5 4 1 2 1 4 8 ~ l C C ~ 7 5  13336C8861  486732  
76 / 3 3 8 9 1 3 5 2  4 7 0 c c 11 2 1258A872  2 5 4 5 1  
7 0  / 2 3 d 9 6 2 4 1  2689932 1127CA783 1 2 4 7 7 5 4 4 2  
80 / 1 0 3 5 7 4 1 3  15516d42 2239DA081 2266744212  
8; / 5 2 3 7 4 1 2 2  J659A.1322 13347A962  3 3 5 4 4 2 2 1  
8 2  I 1 1 5 7 4 1 1  3557d32121443469872  2 1 4 3 3 1 1  
83  1 46.5 3 6 7 7 9 5 3 1 1  22346A004 2 1 4 3 3 1 1  
8 4  1 4 5 2  4667892 2358762  21442 
8 5  1 4 5 4  24576454 3 4 6 0 9 8 3 1  22553 
8 6  3786222  58990975  13568083  1 2 5 4 2  
8 7  / 3776212  14667U46 358C982 1 2 5 3 1  
8 8  / 3 7 6 4 2 2 4 1  3445613 2370982  23642  

3753453  2435514 349ECC62 1 2 3 6 4 2  2 8 9  
90 1 2 5 3 2 3 2 3 1  13547023  238C092 2365424  
9 1  / 23763422  1 2 2 4 3  1 1 5 0 7 6  23752  1 

1 1 4 4 1 3 1 1  1 2 1  27943  3487543  
9 2  9 3  331312  2212345  1 330044  25585332  
9 4  / 1 4 4 2 5 2 3  2 1  1 2 3 3  1 228822  1 5 5 6 5 4 4 4 2  
95 / 266S7542 3223476342 257CD663 44790A08831  
9 6  / 37766322  3 2476542 2489DC752 436667533  
9 7  / 24887632  1 146AOU84 2368089863  2 2 5 3 4 6 4 2 1  
9 8  / 1 4 5 9 8 7 6 5 4  160C9662 1 4 3 4 7 0 7 7 6 1 1  2 6 7 7 7 5 2 1  
9 9  / 2 5 5 9 0 6 6 4 1  L601J64.3 52258764  4 7 8 6 3 1  

100 / 2 2 6 9 0 7 5 2  4 Y  0 743 6446886412  1 1 4 7 8 5 2 1  
1 0 1  2146652  2798653 53479763  1 2 5 7 8 6 3 2  

Figure 2. 11. Case 1 - Parallel Periodicity in Phase Area of Contact/ 
Gap Distribution After 10 bcrements  of Displacement. 
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57 ~ 7 7 0 ~ ~ 5 8 6 7 ~ 2 1 1 6 7 9 ~ Y Y ~ d 7 6 7 8 9 8 5 7 7 9 ~ 0 9 7 5 2 6 6 6 6  
5 8  / 6 7 ~ A t i ~ B b 7 4 2 1 2 6 7 Y A & 7 4 / 4 3 ~ 4 6 7 9 8 7 7 5 5 4 6 7 6 9 9 A A 9 0 7 5 1 5 4 4 4  
59 / 5 7 A A b U B u G 6 5 3 3 7 9 U A 9 B 5 1 5 4 4 6 9 A A O 9 9 7 ~ 6 7 8 6 7 7 O A 9 0 7 5 ? 6 7 8 7  
6 6  / 6 8 A A P Y 0 9 P 4 4 4 5 8 9 9 0 U 8 7 Y 6 5 3 6 9 9 9 8 7 7 5 6 3 4 4 2 4 6 9 9 7 8 5 3  3 6 7 4  
61 / 3 6 7 9 C 9 0 0 9 5 6 6 6 8 9 9 8 C A ~ ~ 7 b 5 7 ~ 0 0 9 9 0 0 8 5 7 7 5 7 9 C C C 0 5 3  2 4 5 3  
62  ~ 2 5 6 ~ F Y B U 9 6 8 7 C & O U b C ~ Y 1 5 4 5 4 ~ 4 ~ 8 8 7 . 7 9 9 7 5 7 6 ~ 7 @ O A ~ O 5 3  3444 
6 3  / 2 5 6 d 4 9 A U o 5 7 6 6 7 7 8 0 A G 8 6 4 3 2 3 6 7 7 7 7 7 8 6 7 4 5 4 5 7 ~ 0 A b O 5 3  3 6 5 5  
6 4  / 2 5 7 9 C U C 9 7 4 7 5 5 7 9 0 6 D ~ ~ ~ 6 5 4 5 P B e B g b A A 7 7 5 9 B C C G E C ~ 7 4 5 5 6 b  
65  / 5 7 O A A A F C t 7 A 8 5 9 C C C 6 E A ~ 6 5 3 5 7 7 7 7 O O C E O 9 9 ~ D A A C C O & 4 1 2 ~ 4 4  
6 6  / 9 g O a C ~ I F P 9 a 7 7 U C L D G F b ~ 5 5 3 6 6 6 6 8 e e 8 C 9 7 6 A 0 9 O A B O 9 6 3 4 ~ 4 4  
6 7  /CcEFF I ~ t G 9 0 6 6 9 A b b D C A 1 4 3 2 5 5 6 6 8 A C B R 8 5 5 8 8 7 8 9 0 8 7 4 1 2 3 5 6  
66 / E ~ E d C ~ F C ~ 7 ~ 6 4 8 R A ~ ~ A C / 4 3 3 6 6 8 0 0 8 C A B 8 5 3 t 6 5 7 7 6 ~ 5 2  1 24 
6 9  / E ~ C u ~ D E A 7 5 4 4 2 6 7 ~ A C 9 ~ ~ ~ 1 1 4 6 7 9 9 A 8 9 9 6 3 1 3 2 3 6 6 7 7 6 3 1 3 2 3 5  
7 0  / C B 6 U C C D A H 6 6 6 4 6 6 F O A @ ~ ~ 2 ~ ~ 4 ~ 9 A O C F D C O 7 7 7 6 7 9 9 8 0 7 4 2 5 1 2 4  
71 / B ~ O 9 9 b C O 0 7 5 5 3 5 6 C B B I j C i 6 3 5 6 7 ~ A 6 R D I F C 0 6 5 5 4 5 7 7 b 6 5 2  4357  
7 2  / A A O 8 8 b R 9 7 6 4 3 1 5 4 8 9 8 6 & 6 ~ 4 6 7 9 A C D E ! E A 7 3 3 3 2 3 6 7 7 7 6 5 3 7 5 7 9  
73  / e A A 9 9 A A 8 7 7 5 4 2 J 4 ~ A 9 6 A 7 4 5 & 7 7 A D D F ! C O 9 7 7 6 5 5 9 ~ U O 9 0 9 9 5 5 7  
74 / 0 b A U 0 b B 9 8 Y 7 6 ~ 6 7 A C b A C ~ 5 7 & 7 ~ O C D D E 0 6 5 3 3 2 3 5 ~ A O O U O 5 6 4 4 6  
75 / C 0 9 8 8 0 0 7 6 6 5 4 3 4 5 ~ A 5 ~ Y ~ ~ 4 4 4 5 9 C A ~ € C ~ 8 6 5 ~ 4 6 9 0 0 9 9 9 4 6 ~ 3 5  
76  / A 0 l i 7 9 0 6 5 4 4 3 2 4 5 F A A L O 6 4 5 7 6 ~ 9 D C C G A 7 7 5 5 2 4 7 O A 9 8 6 7 3 5 ~ 7 9  
7 7  / B O B ~ P U E ~ G 9 A Y ~ 6 O C ~ E # G u 6 7 7 8 0 A F E D F A 8 7 5 4 2 4 7 ~ D A O 6 6 2 4 8 O C  
78 /C99t4ABC96685568bEFf3EA667679CCCGA8765367OA9844 29AC 
79 / C 8 9 A G A E & 5 4 7 4 5 4 6 C D D C ~ 6 2 ~ 4 3 6 O C B E ~ C 9 0 8 6 4 9 9 ~ C C B 6 8 5 6 ~ A A  
n n  v u  , ' A Q a n o o n ? A 7 n 1 ~ ~ 5 g ~ b A ~ 7 4 5 6 4 7 A D D h H A O O 6 5 3 9 0 A B 8 A 9 0 6 7 B Q ~  - . """ , . r r  . - - l - - - i -  

8 1  / 7 5 5 / B B C 9 6 4 7 3 4 5 7 A E B R b A 5 7 8 8 A A C C E D 9 7 5 2 3 3 8 7 ~ A A A O O 6 7 ~ 6 6  
8 2  /43Q899B74252346ADAR93SBBOCBBBEC074?2275~99@9945333 
8 3  / 2 2 5 7 6 8 A 6 3 1 4 1 2 3 5 A E C C A U 4 7 6 9 A O C E E D A O 6 2 3 4 7 5 6 9 9 0 9 8 4 5 ~ ? ~  
84 1 2 3 5 6 7 7 0 5 2  3 1 2 3 5 ~ E B C 0 ~ 2 5 3 6 ~ 8 B A D C 9 7 5 1 3 4 7 5 6 9 7 8 7 6 3 3 4 3 3  
85  / 2 3 5 7 ~ 9 A 6 3 1 4 2 2 3 5 0 C A E C M 3 6 4 6 ~ 8 C B E C O 7 6 4 4 4 7 5 6 9 6 9 8 7 3 4 4 3 4  
86  / 3 5 7 9 A u C 9 e 3 6 4 0 9 A C E b P ~ e 4 6 4 6 ~ O E C D B O 7 5 3 5 3 5 4 5 8 8 9 7 6 2 4 ~ 7 7  
87 / 3 5 7 9 Y B B 9 ~ 3 R 5 5 6 6 F A U 8 A 6 5 6 4 5 ~ A G C E B O 7 3 1 3 ~ 4 3 5 7 7 0 6 5 1 4 8 6 6  

8 9  / 3 5 6 7 9 D C 9 9 4 6 3 3 5 5 8 9 8 8 U ~ 4 7 4 5 7 O G E ~ E B A 7 ~ 6 5 6 5 7 8 6 9 7 6 2 6 ~ 0 9  
90 / 2 4 5 6 6 d A 9 0 4 7 4 3 6 6 Y U Y C O ~ 3 6 4 4 7 9 F C E 6 0 9 4 3 3 5 6 5 7 9 O A 6 7 4 8 6 4 6  
9 1  / ~ 5 7 9 9 6 0 7 R 3 0 3 2 5 7 9 9 7 0 7 ~ 1 3 1 1 4 6 C 0 ~ 0 8 7 2 1 1 1 6 5 7 8 7 9 6 5 2 5 7 5 6  
9 2  / 32486085R474367776962  31148A9A954 27689UCA967635 
9 3  / 1 ~ 3 7 R 0 8 S R 5 9 6 5 b 9 9 9 8 0 7 4 3 6 4 4 6 B C 9 A 9 5 5 2 2 2 4 9 0 A O O C O 8 6 7 ~ 1 3  

95 / 26UCf89070~800AAOCOI5645AFGACB885454OEDDFGGA99757  
9 6  / 3 6 0 D D A 8 9 6 8 7 6 0 9 0 U O C A e 6 8 6 7 6 ~ H D D e 9 7 4 3 4 4 6 C A B 6 B 6 7 5 6 6 7 6  
97  / 3OCE~B9968548eCDEeDAyAb7ADFEEDA07444899AAA9435656  
98 / 2 5 A D E F E 6 7 6 9 5 4 ~ 6 b D F W C U 7 9 4 4 b D D B C e e 0 8 5 4 2 6 O ~ D D B 9 4 3 4 5 4 5  
9 9  / 4 7 8 d C t A 7 6 5 6 3 ~ 6 9 C B ~ 6 G 6 3 6 3 3 7 D C 8 8 8 6 0 7 4 3 1 5 O ~ B ~ O 7 2 2 3 4 3 4  

100 /47ouCEB9523 1 5 7 A B D D 0 6 4 5 4 5 8 D C B b A 7 9 7 6 6 4 7 @ A A B 0 6 3 4 3 3 2 4  
101 13589863962 1 3780888GI66678DCABA7954358A8BBA8566557 

8 0  / 3 5 7 8 0 b C A ~ 4 7 4 4 5 5 6 9 & 0 9 4 ~ 5 3 4 6 O F C E B O 7 3 2 4 3 4 4 ~ 8 6 9 7 6 2 4 6 4 5  

9 4  1 4 9 0 8 9 6 7 4 9 7 6 6 ~ 8 9 6 0 7 4 3 5 3 3 5 0 A 7 9 8 4 4 1  1 3 9 0 9 9 0 8 0 8 7 9 6 3 4  

Figure 2. 12.  Case  2 - Parallel Periodicity Half Out of Phase A r e a  of 
Contact/Gap Distribution After  4 Increments of Displacement. 
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56 /77AukS8b7511166tib99799~77b9A@785555527bb98742 5233 
57 /5580470653 4570765b545659A08755676355708753 4444 
3 8  /4599690652 4579652921 54576553324547i997853 3222 
59 / 3 5 9 Y 0 ~ 0 b H 4 3 1 1 5 7 ~ 9 7 6 ~ ~ ~ 2 ~ 4 7 9 9 ~ 7 7 5 6 4 5 6 4 5 ~ ~ 9 7 @ 5 3  4565 
611 /469997BlhiZ~s67ib67~6431477765534122 24775631 1452 
61 / 1 4 5 7 @ 7 4 & 7 3 4 4 4 6 7 7 U b 9 8 b 5 4 3 5 b 8 8 7 7 8 8 6 3 5 5 3 5 7 A A 8 @ 3 1  231 
62 1 3 4 6 7 7 0 ~ 7 4 6 5 4 b 6 b 0 ~ 0 ~ 3 3 2 i ~ 5 ~ 6 5 5 7 7 5 3 5 4 3 5 ~ 0 9 6 e ~ i  1 2 2 2  
63 346779b73544~5bH9~6491 145555665232356896031 1433 
64 1 35786A7~~~3j57CLlbk964~~~56460A78995537OAAECA8523344 

60 / 7 7 H U k b G G C 7 0 5 5 b P ~ e E O ~ b ~ 3 1 4 4 4 4 6 0 A O A O A ~ 5 4 ~ 0 7 6 9 ~ 6 7 4 1 2 1 2 ~  
67 / d A C ~ D ~ F C P 7 B 4 4 7 ~ G I I B ~ ~ ~ ~ l  3j446FA0063366~678652 134 

69 /COAd9BC95322 456OATb3 24577907741 1 1445541 1 13 
70 / A 0 8 ~ 8 & 6 4 ~ 4 4 4 2 4 4 7 ~ 9 6 6 4  134798A08A855545776652 3 2 
71 / 0 0 6 / 7 0 A B 0 5 4 ~ 1 5 4 b ~ ~ b ~ 4 1 5 4 ~ 7 9 9 0 E G D A 8 4 3 3 2 S 5 5 4 4 3  2135 
72 /99866bG754?1 1 2 6 7 6 4 6 4 1 2 4 ~ 7 9 A R C G C 9 5 1 1 1  145554315357 
73 /09Q179465532 l~b976~3236559HSDGA875543470887~77335 
74 / O O Q & b U O 7 6 7 5 4 4 4 5 Y A O Q A 6 3 5 6 5 4 8 A R 6 C 8 4 3 1 1  1369880634224 
75 /A016~68~44321257976/J 22237AOACA6643 2470877724213 
76 /983557843221 237099842354576AAE95533 2589764513457 
77 / 0 8 6 U O b C O A 7 9 7 6 0 8 ~ C C F t ~ 4 ~ 5 6 & 9 ~ C ~ O 9 6 5 3 ~  25089844 2 6 8 k  
78 /A77U9UA744633460CD€CY445457AAA€96543145897622 79A 
79 /A67989C63252124&H@AS4 1514RAGCFA76642770AAO6634899  
80 /966b77852 41 1 3 7 8 0 9 & r ~ 3 4 ~ 5 9 B P F F 9 @ 8 4 3 1 7 R 9 0 0 9 7 8 4 5 0 0 8  

/ 5 3 1 ~ 6 6 A 7 A 2 5 1 ~ j ~ 9 C 0 @ ~ ~ ~ ~ 6 4 ~ 9 A A C 8 7 5 3  116569998845344 
82 /214677052 3 1249890/72668AOOOCA752 5347787723111 
83 / 5’366941 2 13YCAA~Y25475RAOCB984 1253477876231 
84 / 1345583 1 1 3 0 C O A 6 6  3146609EA753 125547565411211 
8 5  / IS567941 2 1 3 ~ A 9 C A 6 1 4 2 4 6 6 A O C A B 5 4 2 2 ~ 5 3 4 7 6 7 6 5 1 ? 2 ~ 2  
86 / 1 3 4 7 9 Y A 7 4 1 4 2 4 7 9 b C ~ O ~ 6 % 4 ~ 4 ~ ~ C A ~ O 8 5 ~ 1 3 1 3 ~ 3 6 6 7 ~ 4  3755 
87 / 1 3 5 / 0 U 0 7 6 1 6 3 3 4 4 7 Q 6 O Y 4 3 4 2 3 6 9 E A C O 8 5 1  1 21355643 2644 

89 / 1 3 4 ’ 3 7 B A 7 7 2 4 1 1 3 3 6 7 6 0 & ~ 5 i ! 5 2 3 5 8 E C F C O 9 5 4 4 3 4 3 5 6 6 7 5 4  4767 

91 /335/7G856141 35775851 1 24ARGe65 43565743 3534 
92 /1 366864625214555474 1 26979732 54678A9745413 
93 1 1 5 6 8 6 3 h 3 7 4 j 6 7 7 7 6 8 ~ 2 1 4 2 ~ 4 0 A 7 9 7 3 3  376988A66452 1 
94 / 2 i b 0 7 4 5 2 7 5 4 6 6 t 7 6 8 5 2 1 3 1 1 ~ ~ 9 5 7 6 2 2  17t77806657412 
95 I 4 8 A L @ 7 8 5 8 6 b 6 8 9 9 & A b 9 3 4 2 3 9 D E 9 A 0 6 6 3 2 3 2 8 C B B D E E 9 7 7 5 3 5  
96 1 ~ 6 6 8 8 9 6 7 4 6 5 4 6 7 8 8 8 A F 6 0 6 4 5 G € F B B 0 7 5 2 1 2 ~ 6 ~ 9 0 0 0 0 5 3 4 6 5 6  
97 / 18ACC077463266A~Ch~97945YBDCCB9852226i7999721~434 
9 8  / 3 9 ~ C ~ 0 6 5 4 7 3 2 6 0 0 B D P A 8 5 7 ~ ~ 6 B B O A A 6 e 6 3 ~  4808807213323 
99 / 2 5 0 0 A C 9 5 ~ 3 4 1 2 6 9 A 0 b C a 4 1 4 1 1 5 B A 0 0 0 4 8 5 2 1  3c100085 1212 

100 / 2 5 8 & k C 0 7 3  1 355088b423236BA0095754425eP9084121.1 2 
101 /1367OG74 156b0U0~94445bBA90957321369U0096344335 

65 / 3 5 ~ V 9 9 D k ~ ~ 9 b s i A A A f C ~ 6 4 ~ 1 ~ 5 5 5 5 6 ~ A C ~ 7 7 0 8 ~ 9 A A ~ 6 ~  127 

6 8  / C O C t ~ , ~ D A 6 5 6 4 2 6 6 F U B 9 & ~ ~ 1 1 4 6 6 & @ C A 9 0 6 ~ 3 1 ~ 4 3 5 5 6 S 3  2 

88 / 1 3 5 6 8 @ A 9 $ 2 5 2 2 3 3 0 7 6 8 7 2 1 3 1 2 s S D A C O B 5 1  2122466754 2423 

911 / 2 3 4 6 0 9 7 P 2 5 2 1 4 4 7 8 7 A b 5 1 4 2 2 5 7 D A C b 8 7 2 1 1  4357896526424 

T H t R E  ARt 6.2600 PEHCtNT LEHOS 
I’ 51 J= 3 N E  5 1  M =  lri2 

Figure 2 .  13. Case 2 - Parallel Periodicity Hakf Out of Phase Area of 
Contact /Gap Distribution After 6 Increments of Displacement. 
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5 6  / 5 5 9 4 9 7 0 6 5 5  4 4 6 L ~ 7 7 5 I 7 6 5 5 6 7 9 6 5 6 3 3 3 3 3  5467652  11 
57  / 3 3 6 6 7 5 8 4 3 1  23565414323477986533454133586531  2222 
5 8  / 2 3 9 / 8 7 8 4 3  235743 3 2 3 5 4 3 3 1 1  2 3 2 5 5 7 7 5 6 3 1  1 
5 9  / I 3 7 7 6 6 8 6 6 2 1  356754151  257765534234233675631  2343  
60 /247775654  1 4 5 5 6 6 5 3 4 2 1  255543312  2 5 5 3 4 1  2 3  

62  / 1 2 4 5 5 9 6 5 2 4 3 ~ 4 C b ~ Y R ~ 5 1  5 4 4 3 3 5 5 3 1 3 2 1 3 4 6 7 4 6 1  
63  / 1245576513223340764d  23333443  1 1 3 4 6 7 4 6 1  2 1 1  

6 1  23565665122245589~643213b665566413313599661 1 

64 / 1 3 9 5 6 9 5 3  31135b6097421 1344456773315899CA963 1 1 2 2  
65  / 1 3 6 7 7 7 R Y 6 3 7 4 1 5 C ~ 9 C A 7 9 2 1  13333669A65580779964  
6 6  / 5 5 6 & 9 C F ~ 8 5 6 3 9 6 9 C U C 9 ~ 4 1 1  222248989532765676652  
6 7  / 0 9 A d B E D A 6 5 6 2 ~ 5 7 a 8 ~ 9 7 5  11224798841144345643  12 
68 /A8AC9BR94342 44780763 2 4 4 6 6 8 9 7 8 4 1  2 2 1 3 3 4 3 1  
69 /AB9U7GA731 2 3 6 7 9 5 4 1  235578552  22332  1 
70 / 5 8 6 6 6 9 0 / 4 2 2 2  23567492 2576980963332355443  1 
7 1  4 6 7 6 5 5 8 9 6 4 3 2 1  12611646L 1235788OEB96211 1 3 3 2 2 1  1 3  
7 2  / 7 7 6 4 4 0 8 5 3 2  454P4L 235790AEA73 2 3 3 3 2 1  3135  
73 / 6 7 7 5 5 7 7 4 3 3 1  475173 14337008E9653321258665655113  
74  / t i 8 ? 6 6 6 8 5 4 5 3 2 2 ? 3 i 9 B 9 9 4 1 3 4 3 2 6 9 O O A 6 2 1  1 4 7 6 6 6 6 1 2  2 
75 /98 !344663221 1 5 7 5 4 5 1  1 5 9 7 9 A 9 4 4 2 1  2586555 2 1 
76 / 7 6 3 3 3 5 6 2 1  1 5 7 7 4 ~  13235099C73311  3675423  1 2 3 5  
77 / 8 6 4 & R O A B h 5 7 5 4 4 6 9 A A D C 6 2 3 3 4 6 7 t i A O B 7 4 3 1  3607622  469 
76 / 9 5 5 8 7 6 9 5 2 2 4 1 1 2 4 b A B C ~ 1 2 2 3 2 3 5 9 9 9 e 7 4 3 2 1  236754  5 7 9  
7 1 9  I 7 * 7 f t t  L ~ A c ~ L , ~ A ~ *  J. 3 2 e o o 9 7 2  2 6 9 R A 8 9 5 6 4 2  5569084412677  
80  / 7 4 4 6 5 5 0 3  2 15G8763 1 2  3700D876621  5678875623686  
8 1  / 3 1 / 5 4 4 9 5 2  3 1 5 7 A u ~ b 7 1 3 4 4 7 7 9 O A O 5 3 I  4347776623L22  
8 2  / 245583  1 2707453 446988eA953 31255655  1 
83  / 1 5 4 4 7 2  1749970  325769RA0762 31255654  1 
84  / 1 2 3 3 6 1  18A8964 1 2 4 4 8 7 0 9 5 3 1  31253432  
85  / 1 3 6 5 7 2  1697AY4 2 24498A9632 31254543  
86  / 1 3 5 7 7 9 5 2  2 257FAbf304 2 256A900631  1 1 1 4 4 5 3 2  5 3 3  
87 / 1358bS54 4112257687212 147C9A863 1 3 3 4 2 1  422  
8 8  / 13466976  3 1 1 4 5 4 6 5  1 26B9A863 244532  2 1 
89  / 1 2 3 5 0 9 5 5  2 1 1 4 5 4 8 6 1  B 136CADA87322121344532 2545  
9u  1 1 2 4 8 7 5 6  3 22565961  2 35B9A865 21356743  42 2 
9 1  / l i S ? 5 b 6 J 4  2 1355363 2966843  2 1 3 4 3 5 2 1  1 3 1 2  
92  / 446414 3 2333252  4 7 5 7 5 1  32456975232  1 
93  / 34641415214355463  2 2 8 9 5 7 5 1 1  5676696423  
94  / 568523  532444546,, 1 1 6 7 3 5 4  56556864352  
9 5  / 269A8563Q446637696512  17BC796441 1 6A00BCC755313 
96  / 460U74524326566697424238CD00853 4978888312434  
97  / bYAA855241 4490AC07572370BAAO763 4557775  1 2 1 2  
90  / 19UA8843251 4460BD9635 4 0 0 8 9 9 4 6 4 1  2680085  1 1 
99  / 3889A73212 4590OA62 2 309868263  1 6 8 8 8 6 3  

100 / 3669A851  1 3 7 8 0 0 6 2  1 1 4 0 9 8 8 7 3 5 3 2 2  3677862  
1 0 1  / 1 4 5 8 8 5 2  346888b52223409787351  1 4 9 0 8 8 7 4 1 2 2 1 1 3  

T H t R f  A H t  1 9 , 0 6 0 0  P E R C ~ N T  ZEkOS 
1' 51 J= 10 N B  5 1  M =  l U 2  

Figure  2 .  14. Case  2 - Parallel Per iodici ty  Half Out of Phase  Area  of 
Contact/Gap Distribution A f t e r  8 Increments of Displacement. 
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5 6  / 3 3 7 6 7 5 8 4 3 1  L ~ 4 ~ 5 5 ~ ~ 5 4 5 3 4 5 7 4 3 4 1 1 1 1 1  324543  
5 7  1 1 1 4 4 5 3 6 2 1  13652 21 1255764311232  1 4 3 6 4 3 1  
58 / 1 5 5 6 5 b L 1  1 3 5 2 1  1 1 3 2 1 1  1 3 3 5 5 3 4 1  
5 9  / 15564644  139532 1 35543313  1 2  1 1 4 5 3 4 1  1 2 1  

6 1  / 1543443  2 5 3 6 7 5 4 d 1  144433443  11 1 3 7 7 4 4  
6 2  / 235643  2 1  L 4 4 6 7 6 3 1  1 2 2 1 1 3 3 1  1 1 2 4 5 2 4  
6 3  / 2335Li3 1 11.24542 1 1 1 1 2 2 1  1 2 4 5 2 4  
6 4  / 1544731 1 1 3 4 6 6 7 5 2  1 2 2 2 3 4 5 5 1 1  3677A9741  
6 5  / 14555074152  5777A952 1111447943368557742  
6 6  /334676C04361147BbAOOd 2 6 7 6 7 3 1  54345643  
67  /8790OC89434 3 5 6 6 8 9 5 1  257662  2 2 1 2 3 4 2 1  
6 &  / 9 6 9 A 7 0 0 / 2 1 2  2 2 5 6 8 5 4 1  224467562  1 1 2 1  
6 9  / 9 6 7 6 5 8 9 5 1  1 4 5 7 3 2  1 3 3 5 6 3 3  11 
70 1 7 6 4 4 4 7 8 5 2  a4522  3 5 4 7 0 8 7 4 1 1 1  1 3 3 2 2 1  
7 1  / 6 5 4 5 3 6 7 4 2 1  46649  165668C074 11 1 
7 2  / 5 5 4 2 2 6 6 3 1  232 2 13578YC951 111 3 1 3  
7 3  / 6 5 5 5 3 5 5 2 1 1  2 5 3 2 5 1  21158ROC74311 36443433  1 

6 0  / 25555432  2 5 3 4 4 3 l C  3 3 3 2 1 I 3312 1 

74 /66544663?31 1.576572 121 478694 
75  / 7 6 3 2 2 4 4 1  5532L5 37579722  
7 6  / 5 4 1 1 1 3 4  35554  1 1 3 0 7 7 A 5 1 1  
77  /642668964353224799RA4 1 1 2 4 5 0 8 8 0 5 2 1  
7 8  / 7 3 3 6 5 6 7 3  2 2 6 9 0 A 9 3  1 1 3 7 7 7 A 5 2 1  

80 / 5 2 2 4 3 5 8 1  3 8 6 5 4 1  1 5 8 8 6 8 5 4 4  
8 1  /1 1 2 2 7 3  1 1 5 9 6 6 6 3  12255779R31  
8 2  / 2 3 3 6 1  565633 2 2 4 7 6 6 6 9 7 3 1  
8 3  / 1 2 2 5  592754  1 354769854  
8 4  / 1 1 4  696’142 2 2 6 5 8 7 3 1  
8 5  / 1435 475972  2 2 7 6 9 7 4 1  
8 6  / 1 5 5 5 7 3  35796082 3 4 9 7 8 6 4 1  
6 7  / 1 3 6 6 6 5 2  2 35445  25A79641  
8 6  / 1 2 4 6 7 5 4  1 23240 4 0 7 9 6 4 1  
89  / 1 3 4 7 3 3  23244  1 1 4 A 9 8 9 6 5 1  
90  1 26534 1 b 4 3 7 4  13G79643 
9 1  / 1 3 3 6 4 1 2  1 3 3 1 4 1  7 4 6 4 2 1  
9 2  / 2242  2 1 41% 3 25353  
9 3  / 1 2 4 2  2 3 2 3 3 3 2 4 1  6 7 3 5 3  
94  / 5463 1 3 1  2 2 2 3 2 4 1  45132  
9 5  1 4 7 9 6 5 4 1 4 2 2 4 4 5 5 4 7 4 1  50A57622 
96  / 2488523  2 1  43444752  2 l b A B 8 8 6 3 1  
9 7  / 4799633  2 22789AB335 1 5 8 0 9 9 8 5 4 1  
9 8  / 5 8 9 0 6 2 1  3 2268057413 288677242  
9 9  / 1 6 6 7 9 5 1  2376894  1 8 7 6 6 6  4 1  

1 0 0  / 1 4 4 7 9 6 3  1 5 6 8 8 4  2 8 7 6 6 5 1 3 1  

79  / 7 2 3 5 4 5 9 2  1 4€4&75 476987342  

1 0 1  / 25663  1 2 4 6 6 6 4 1  1 2 8 7 5 6 5 1 3  

254444  
364333  

1 4 5 3 2  1 1 3  
1 b 8 5 4  247 
1 4 5 3 2  357 

33677622  455 
34566534  1 6 6 4  
21255544  1 
1 33433  
1 3 3 4 3 2  
1 3 1 2 1  
1 3 2 3 2 1  

2 2 3 1  3 1 1  
1 1 2  2 
2 2 3 1  

1 2 2 3 1  323  
1 3 4 5 2 1  2 
1 2 1 3  1 

1 234753  1 
3 4 5 4 4 7 4 2  I 
3433464213  
49880AA5331 1 
2 7 5 6 6 6 6 1  212  
2335553  

468863  
4 6 6 6 4 1  

1 4 5 5 6 4  
2566652  1 

T H t R E  A R t  3 6 . 9 8 0 0  P E R C ~ N T  LEkOS 
I s  51 J= 2 1  N g  5 1  M =  1U2 

Figure  2.  15. Case  2 - Paral le l  Periodicity Half Out of Phasa ,Area  of 
Contact/Gap Distribution After 10 Increments of 
Dis plac erne nt . 
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57  / 22314 141 3 3 5 4 2 1  1 1 4 2 1  
. 5 8  / 33434 13 1 1 1 3 3 1 2  

5 9  / 3542422  1 2 3 1  1 3 3 2 1 1  2312  
60  / 353121 11221J. 111 11 
6 1  1 2 1 2 2 1  1 1 4 5 3 2  22211P2 1 5 5 2 2  
6 2  1 1 4 2 1  2 2 4 5 4 1  .11 23 2 
6 3  1 1 3 2 1  2 3 2  23  2 
64  / 1 2 2 5 1  3.2 4 b 5 3 1 7 3 3  1 4 5 5 9 7 5 2  
6 5  / 2633852  3 1 5 5 5 Y I J  22572114633552  
6 6  /112456At3414 2566984 4 § 4 5 1  3 2 1 2 3 4 2 1  
6 7  /6578YA0/212  1 3 4 4 6 9 3  3544  1 2  
6 8  / 7 4 7 9 5 8 9 b  d4632  224534 
6 9  1 7 4 5 6 3 6 7 3  2 3 5 1  1 1 3 4 1 1  
70 /542;22553 1 2 3  1 3 2 5 6 6 5 2  11 
7 1  / 4 3 2 1 1 4 5 2  L4422 13446A852 
7 2  1 3 3 2  4 4 1  1 13567A73 1 
7.3 /43311\13 31 3 3668A521  1 4 2 2 1 2 1 1  
74  / 4 4 3 2 ? 4 4 1  1 55,435 256672 32222  
75  1 5 4 1  22 131 1 153575  1 4 2 1 1 1  
7 6  1 3 2  12 13332 1 6 5 5 9 3  2 3 1  1 
7 7  / 4 2  4 4 6 7 4 2 1 3 1  2 5 7 7 0 Y L  2387683  4632  35 
713 /5114;5451 478973  1 5 5 5 9 3  2 3 1  1 3 5  
79 / 5  1 5 2 d 7  26653  25470512  1 1 4 5 5 4  233  
80 / 3  2115 3549d 36Snp1322 1 2 3 4 4 3 1 2  442  
81 5 1  374445  3 3 5 5 7 6 1  3 3 3 2 2  
82 1 1 1 4  3 6 3 4 1 1  2 5 4 4 4 7 5 1  ii211 
8 3  i 3 475532  1 3 2 5 4 7 6 3 2  1 1 2 1  
84'/ 2 47452 4 3 6 5 1  1 
8 5  1 213 2 5 3 9 3  54752  1 1  
86  / 1 3 5 5 1  1 3 5 7 4 8 0  1 2 7 5 6 4 2  1 1 
87 / 1 4 4 4 1  13243 395742  
88 I 24542 I 2 1  285742  1 
8 9  1 6 5 1 1  1 4 2  2970743  1 1 1  
90 1 4312  1 2 1 5 2  11157421 1 2 3  
9 1  I 1 1 4 2  11 2 5242  1 
9 2  2 1 3 1 3 1  1 2 5 3 1  
9 3  1 2 1 ill P 4 5 1 3 1  1 2 3 2 2 5 2  
94  1 1 2 4 1  i 1 2  23  1 1 2 1 1 2 4 2  1 
9 5  / 257412  2 2233262  389354  2 7 6 6 8 9 9 3 1 1  
9 6  / 2663  1 2122255  4 9 0 6 6 4 1  534444  
97  / 2 5 7 7 4 1 1  56706313 36877632  1 1 3 3 3 1  
9 8  / 36784  1 4hH052 1 66455  2 2 4 6 6 4 1  
9 9  / 44573 154672 65444  2 24442  

100 / 2 2 5 7 4 1  34662  6 5 4 4 s  1 23342  
101 I 1 4 4 1  24412  65343  1 3 4 4 4 s  

T d t R E  A R E  57,1400 P E R C t N T  ZEROS 

Figure 2. 16. Case 2 - Parallel Periodicity Half Out of Phase.Area of 
Contact/Gap Distribution After 12  Tncrements of 
Displacement. 
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56 / 31212623 2 2355h7553213111122 3 1 1 
57 / 1 41 24Ld3423312111333 1 1 2 1 2 
58 / 2 131 2 !I. 231222 2 
5 0  / 2 1 1222 2 22 12511 1 24411 2 223333 
6 0  / 2 22 11 1111221 121 1 22 
61 1 3313312212344123311 112 4431221 11 
6 2  / 34325922221222 1 12 1.3 2 1 11 
63 1 243242 It1 1 1  2 11 
64 / 11 14311542 1133.53 1 22 2465564342 231 11 
65 / 2451155430942542533 11 1412578777411 1 
6 6  /4445570845A853533323 2 3224875522122 2 
67 /8786590~35952i3~3211 22247532 12 
68 /746637873362 2121 I 1 21321474 
69 /0444 4531 2 1 21 14 1 
70 /b53J1545222 12425546842 1 14 
71 /5452 342211 2 A 1224475665672 33 
72 /4431 53 22448776444 2123355 
73 /5431 5411 d511L22696574552 11213133323 
74 /653L 465231 i32Pb41112134324111 122 1112324 
75 /441 231 1 1 L  1 35225531 11 11 1211 
7 6  1 3 3  11 11.1 2 3 1 2 4 4 3 5 1 16 3 3 1 1 212444 
7 7 / 7 6 2 5 3 6 b 5 2 5 4 5 2 Z 2 t, b 5 4 0 9 2 3 3 8 9 6 6 11 4 2 2 1 242 446768 
7 8  /74 J 232 121 11dJ44+692265545 42211 1 556576 
79 162 4 121 532 2 23551475343 2234421676354 
8u / % I  4 132 2 1235751573442 232452276555 
81 / 21 1 1 zJ24.441435763 3411 321442211114 
82 / 322232 436683 22 1 22 1 

84 / 543 2 1 3342 25 1 1 1 
85 1 352 2 2 3541 13 133 1 1 
86 / 1121 2421JiOb2 2 5452 1 321 313453 
87 / 1 12512111 11 923526d5311 2 314222 
88 f 24721 3 111535311 31 2 2  
89 / 2261 21 4 12265641383542 316554 
90 1 12b 21 411225432 21 2 1 1 5322 
91 1 3 2 1 1 3421 

93 1 2 1 2 222 1 131 3 2 1232232 2 
94 / 111 1 z1131z 1 2 221122 13 
95 / 2345123443453421l.J. 454232 21 32431.49874552 3431 
96 / ~21341111233523%2~423564444331 212 1644112323441 

99 / 25212 22221 533W31 1484 32 31 21 

/ 445142 316663 23121 1 21 

92 1 2 1 1222 241 

97 / 14445221121354655kjd5674465442 112 1431 1.2 1 
98 / 25334 2432414576732312374 32 121 1443 11 

100 / 13122 223243 1373 21 132112 
101 1 1 1332553224262 2 2 2232112212321 

Figure  2.  17. C a s e  3 - Para l le l  Periodicity Out of Phase,  A r e a  of Contact/ 
Gap Distribution After 11 Increments  of Displacement. 
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8 4  / 0 5 b t E C O B A O A 7 0 0 A ~ F D E C A ~ 4 ~ 4 ~ A C B D F F B 9 6 9 6 6 8 C C B A ~ 8 5 ~ 5 4 8  
85 / O B D F ~ D ~ ~ A 9 A 6 0 9 9 t ~ D ~ A 7 6 3 2 4 7 0 A O A C E D O 6 ~ 7 9 P F D D E E C O O 8 7 A  
8 4  / A C E ~ G D C ~ ~ ~ A ~ ~ ~ A ~ D C C ~ ~ ~ ~ ~ ~ ~ A A A A C ~ F E A ~ C ~ O @ F E F F E C B C ~ A ~  
8 7  / A C f f F C R 0 6 7 9 5 8 8 8 U C C A ~ 5 4 2 2 3 7 O A A C F B A 8 6 A R 9 e D E E E D C A ~ 9 9 A  
8 8  / A C f H I U C 0 7 6 ~ 5 Y O O D ~ E P G ~ O 9 8 8 9 C C O F J E B 8 6 0 6 8 A C D B ~ O ~ 7 5 6 ~ 0  
8 9  / ~ C B G H E E B 0 0 9 7 0 0 8 A U A ~ 7 7 0 9 8 8 9 A A A C b 0 0 8 6 A 7 8 0 A B A A 9 8 ~ 5 6 6 9  
90 / B C b G H E E 6 B B A ~ A A 9 ~ R C ! ~ Y e A B k 9 0 R B A D F B B O B C 9 9 9 B D A ~ 8 7 6 7 8 8 ~  
91 / B B D I G C B ~ A A B 7 ~ B O ~ ~ C H 9 ~ A A A 9 7 0 B 0 9 8 6 8 5 6 6 8 0 9 0 7 7 6 9 9 O A  
9 2  / C B C H F f D d R B A O D B 9 ~ A 9 9 8 7 9 U 8 8 5 7 7 5 7 0 8 8 7 5 4 5 ~ 0 8 7 6 6 5 8 ~ 9 8  
93 / C B C H Y D C 0 9 9 8 ~ A 0 8 0 9 8 H 7 6 8 9 7 7 ~ 6 6 5 7 V 8 8 7 5 7 5 7 5 4 5 8 0 8 7 7 0 7 ~ A A O  
94 /CAOCE~A980608BACR009~90996776869877CA9877CA9~99655669997 
95 / B B d ~ E C ~ A 9 9 9 0 9 8 H Y 9 8 0 ~ ~ ~ 0 9 7 5 8 8 7 8 H A 0 9 9 F O 7 5 6 6 4 6 7 8 8 B ~ O 4  
96 / B B ~ ~ f C D A 0 0 9 A A 9 8 Y ~ B Q 8 V 0 9 8 6 4 8 y 7 g A A 0 9 A A O ~ A G A 7 5 7 7 5 8 O O O B B O 4  
9 7  /BAOUECC08879865~7577U876447857999&9C9657758OOOBA94 
98 / A O 6 ~ C D D A 9 9 9 9 9 8 7 ~ Y 9 P A ~ A O 7 5 5 9 9 6 A B C D C E D 0 7 7 9 8 8 A B B A D O 5 4  
99 / A 8 ~ ~ 2 D B 9 7 9 9 9 Y 7 5 b 7 7 ~ Y A ~ 9 7 5 5 ~ ~ 6 B C F D D F B R 5 5 9 9 0 O A B B ~ 9 4 4  

100 /A0790BAB6887776099AAcAA9790A979OA9C~EDFEA~55AO9~AAAC844 
101 / 8768ARB97975545509AACA998B080DHFDECO755OAOA5CE~467  

77 / 7 8 0 8 0 U o U 7 5 3 2 5 8 Y ~ ~ E ~ ~ ~ 9 9 6 ~ Y B ~ o A ~ A A O 6 6 R 7 Q B F F G ~ C O 9 5 6 8  

T c ( t A E  Aqk 0.3600 t 'EHOtNT L E H O S  
la 5 1  J= 2 tv= 51 M =  l U 2  

Figure 2. 18. Case-4 --Angled Periodicity Area of Contact/Gap Distri- 
bution After 2 Increments of Displacement. 
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6 3  /277~790ti9A~8b68~~~9~A909454h745b~99863444080089970~ 
6 4  / % 5 6 4 4 ~ 7 9 R U 8 7 6 6 9 7 b ~ A A ~ A u 4 3 ~ 7 ~ 4 5 5 7 8 8 7 6 4 5 5 4 0 8 0 0 8 9 9 7 9 ~  
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6 9  / 3 5 ~ b d ~ A o g ~ 6 ~ 4 3 ~ ~ 5 9 A C Y 7 6 ~ 1 4 2 ~ 5 7 e 0 h 0 7 5 2 3 4 6 0 A D c A ~ 9 6 3 ~  
7 0  2 5 ~ 7 7 7 0 R 8 5 6 4 3 2 4 5 9 n d d b ~ l  d 1 4 3 5 6 8 9 8 5 3 2 3 4 5 0 B E C R 9 8 7 4 2  
7 1 / 1 6  6 9 0 0 0 A 0 7 7 6 6 6 A I3 U F  G A A 0 7 4 6 6 9 9 9 d El A 0 7 4 2 3 5 8 A C F 0 C A 6 9 7 5 
72 / 1 7 / 9 0 0 U A & ~ ~ 4 6 6 U C C F ~ U ~ U ~ 5 6 6 0 8 @ A ~ ~ A 7 4 2 3 5 B A B C A 9 0 6 8 5 3  
73  / ~ 6 / ~ S 9 U A 6 3 ~ 3 6 ~ A ~ ~ ~ ~ ~ C 0 ~ 6 1 ~ 4 5 5 7 ~ 0 0 9 5 ~ 1 1 3 ~ A 0 C A 0 0 ~ ~ 7 5  
74 / 4 9 3 0 0 A U C 9 5 d J ~ 6 9 9 A P t ~ O H b 2 6 7 8 8 0 A O R 7 3 1  247BAFBA77524 
75  / 1 4 9 9 A w B ~ O ~ S 5 4 U f ~ l l C ~ ~ ~ H t ~ U 7 3 ~ Q ~ 8 O ~ O U 7 4 ~ 3 2 4 6 A ~ € A O 6 7 ~ 3 6  
76  / 3 4 F 7 9 9 0 U R 6 4 1 1 4 5 n 7 9 ~ ~ ~ ~ ~ 9 / 4 U A 0 9 0 R 0 0 8 5 4 4 2 3 6 A A C 9 0 7 8 5 3 4  
7 7  / 5 6 8 6 8 8 7 8 5 3 1  367UBCG~lJ7?4370989099844657ODDEOb67346 
7 8  / 5 7 Q 7 A A 0 A R S 5 2 b b U C E E 1 l ~ ~ b 5 ~ ~ b ~ 8 8 O ~ A 8 ~ 6 5 6 7 0 C D C B 8 9 5 4 l 2 5  
7 9  / 4 6 R ~ o Y ~ U 7 4 2 1 6 9 0 ~ ~ E D I ~ ~ ? 4 ~  1 9 7 7 8 0 C A 9 8 5 4 3 5 b B C A 0 7 8 4 4 1 2 6  
R ! !  / 5 ? 9 4 9 8 Q 0 h 4 2 2 6 7 b A D B E ~ 9 7 5 ~ 3 b P 8 Q 9 ~ O R 6 4 5 3 4 6 9 A 8 7 7 7 3 3 ~ 3 7  
81 / 5 ~ 9 0 € u O Y 5 ~ 1 1 7 7 7 Y D C ~ ~ ~ ~ 5 3 3 5 7 7 ~ 5 A 9 7 4 3 6 ~ 5 7 o C o o O O 6 5 4 4 ~  
8 2  / 5 a A 8 0 U O 8 7 T 3 3 5 b ~ S ~ 0 0 A ? ~ 2 ~ 2 ~ ~ ~ ~ ~ ~ A ~ 5 ~ 6 3 3 5 ~ F D C ~ O 5 4 4 4 8  
8 3  / 8 0 R U C A A 0 9 6 3 4 8 8 8 ~ U O ~ ~ ~ b ~ ~ 3 7 R B A B ~ F A 7 5 8 4 4 6 ~ 8 A O 9 7 4 6 5 4 ~  
84  / 8 0 R C Z A H 0 9 ~ 9 5 8 8 9 ~ D B C w Y 6 2  2 e 9 A O B D D 0 7 4 7 4 4 6 A A 0 9 8 6 3 4 3 2 6  
8 5  / 8 0 9 ~ E d 9 A o 7 9 4 U 7 7 C D B H 9 ~ 4 1  23R989ACR848570U9BCCk88659  
0 6  / 9 A C ~ E B A U 7 7 9 4 7 6 6 A ~ A A 6 5 4 ~ 2 3 6 9 ~ 9 A ~ ~ C 9 6 A 7 8 R U C D D c A O A ~ 9 0  
8 7  /9AC~OA084S73666HAA9412 15R9QADOQ64967ABCCCBA98779 
8 d  / Y A ~ F G B A d 5 4 5 3 7 d ~ P B C D ~ b ~ 7 6 6 7 A A R D H C 0 6 4 8 4 6 9 A Q O Q 8 6 5 3 4 6 8  
8s / O A B t F C C U A 8 7 5 H B 6 9 8 9 0 5 ~ 7 7 6 ~ 7 Q 9 Q A B ~ ~ ~ 4 9 5 6 7 9 0 9 9 7 6 5 ~ 4 6 7  
9 0  / O A B t F ~ C 0 0 0 9 6 9 9 7 U ~ ~ A ~ 7 ~ Y O 9 7 a 0 0 o B D O O B 6 A 7 7 7 ~ B 9 0 6 5 4 5 6 6 8  
91 / D O B t i E A 0 8 9 9 5 ~ 9 0 8 0 A A O 7 ~ 9 9 9 7 ~ 7 7 5 8 Q 7 7 6 4 6 3 4 4 6 0 7 0 5 5 4 7 7 8 9  
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T d t d E  A Y t  1 . 4 6 0 0  P'EHCtr\iT Z E k O S  
I =  51 J= 3 N =  5 1  M =  1 U 2  

Figure 2.  19. C a s e  4 - Angled Periodicity Area of Contact/Gap Distribution 
A f t e r  4 Increments of' Displacement. 
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100 / 7 6 3 ~ 6 8 7 4 2 4 4 3 3 5 2 2 5 5 7 7 3 7 7 j 3 5 6 7 5 9 9 A O B A 7 4 1 ~ 7 6 5 6 7 7 7 9 4  
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Figure  2 . 2 0 .  C a s e  4 - Angled Periodici ty  A r e a  of Contact/Gap Distribution 
A f t e r  6 Increments  of Displacement. 
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Figure  2 . 2 1 .  Case  4 - Angled Periodicity A r e a  of Contact/Gap Distribution 
After 8 Increments of Displacement. 
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Figure 2 . 2 2 .  Case 4 - Angled Periodicity Area of ContactlGap 
Distribution After 10 Increments of Displacement. 

2 - 3 1  



4 2 12 11 
3 1 -23322111 

11 222 31 
13 22243  322 2 1 1  
23  1 4 4 5 4 4  1 1 1 3  1 2 2 2  

. 3 4 5 3 1  2 1 3 1 1  

2 22  i l  1 
11 2 22 11 

1 3  224425% 
2 1  434424 
1 1 1 2 2  2 

4532  37688642  
232  2365311  
1 2 4 7 5 4 1  

1 1 2 4 3 2  358653  1 
1 23443 345312  

1 2 2 1  325322  1 
232  43843 

1 2 4 2 2  33732  
3212423  33512  
2 1  1 2 1 1  266723  

2 4 5 1 1  25654 1 
2 5 3 1  4532  

i3i 252222  2 
1 1 4 2  1 3  

222253  286542  
4434763 4 4 3 2 1  
1 3 3 4 6 6 2  3 3 2 1  
1 1 3 5 4  2644553  1 

1 1 1 3 7 6 5 1  3 465665323212  
1 1 3 6 2 1  1 3 4 5 5 5 4 3 1  1 

3 3 4 6 0 5 2 1 3 4 2 2  
1 1 1 3 4  1 1211 
2214622  3 2 4 1 2  

2 1 

111 
31 

31 6 22 
11 1 7 1  22 

3 2 1  
1 2 3 4 3 5 4  1 2 2 1 4  
2364462  1 2 2 4  

1 3 3 5 4 6 5 1  1 1 1 1 3  
2 2 486453  1 1 2 3 5 0  

Figure 2 . 2 3 .  Case 4 - Angled Periodicity Area of Contact/Gap 
Distribution After 12 Increments of Displacement. 
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' Figure 2.24. Case 4 - Angled Periodicity. Area of Contact/Gap 
Distribution After 13 Increments of Displacement. 
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3 .  Ad\.anccyj 1,eakage ICxperiments 

:?. 1 Introduction 

--- 

A s  mentioned in the previous quarterly report ,  the purpose of this task 
is to broaden the scope of experimental information concerning various sea l -  
ing systems by extending the capability of the experimental apparatus to opera-  
tion in a - .32 loY to +700°f’ temperature range. The tes t  fixture in i ts  modified 
fo rm was described and pictured. Since that t ime,  a definite tes t  program has 
cvolved along w i t h  some preliminary test  results.  The accessory hot and cold 
par ts  were fabricated and succc>ssfully tested. 
test program and then the test results obtained to date. 

This describes the proposed 

3 . 2  Proposed Test Program 

Table 3 .  1 shows the proposed tes t  program, illustrating the various 
sealing surface combinations, Basically, three categories w i l l  be investigated: 
e las tomers ,  plastics and metals. The elastomers  and plastics w i l l  be studied 
at the - 3 2 1 O E ’  temperature. 
low temperature and at a temperature high enough to reduce the yield strength 
of the weaker component to 80 percent of i ts  room temperature value. 
las t  column of the table indicates the maximum temperature of each tes t ,  the 
limitation being the sensitivity of the metallic seal/gasket component with 
temperature. 
temperature information for the data shown in other figures herein. 

The metallic systems w i l l  be viewed both at this 

The 

X’arious references were reviewed for  the yield strength versus 

A number of the proposed tes ts  a r e  s imi la r  to those made at ambient 
temperature  i n  an ea r l i e r  phase of this  contract. 
description of the surfaces in the column noted i n  Table 3. 1 a r e  described in 
\.olume I11 of the Final Report for  Phase I of this contract andthesecond contract 
period Final Report, June, 1964. The gasket surfaces w i l l  be approximately 
the same  as  those used for  the previous tes ts .  
and plastics employed a slightly different surface in past tes ts  t h a n  the fine 
machined surfaces planned for  future tes ts .  Previous tes ts  were made with a 
medium roughness circumferentially machined surface,  slightly coa r se r  than 
the surface to be used now. 

The tes t s  a s  well as the 

The tes t s  made with elastomers  

Whenever two aluminum seal surfaces a r e  to be used, 6061-T6 aluminum 
will be employed. 
tube to the lower half of the tes t  sample. 
r e  ad ily we Id able. 

This is necessitated by the requirement of welding the inlet 
Aluminum of 202’4-T4 grade is not 

3 . 3  Progress  to Date 

A l l  components of the tes t  fixture have been fabricated, including the split 
oven and cryogenic enclosure. F i g u r e s  3 . 1  and 3 . 2  a r e  indications of performance 
of the oven and cryogenic chamber. They a r e  plots of temperature versus t ime 
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for  a typical temperature test. 
adjacent to the sea l  surface, 

The temperature is sensed by a thermocouple 

Three separate seal  tests have been made, each with some measure 
of success. 
the gasket with stainless steel  (type 347) as sealing surfaces. 
profile was used in this test  on the stainless surfaces. 
taken as in past tests (Volume 3 final report) at room temperature. Phase 
I1 was accomplished, this time with the introduction of 6000 psi helium gas 
pressure,  
until the leak was quelled. 
ered to the liquid nitrogen temperature ( - 3 2 1 O F ) .  No further increase in leak- 
age w a s  recorded, and the stress was removed, thereby resulting in Phase IV, 
still at cryogenic temperature (Figure 3.3). A second part of this test resulted 
in repetition of the just described portion, using the same gasket but increasing 
the temperature to +700°F. These test results wil l  not be illustrated because 
of the inability to reduce the data properly. 
the gasket was observed to be severely deformed and conclusive s t r e s s  data 
could not be derived. 
with the gasket area roughly 2.8 times that of the original. 

The first test was a gasket test employing 1100-0 aluminum as 
The fine machined 

Phase I test data was 

Phase I11 was accomplished by increasing the s t r e s s  on the gasket 
At this point in the test, the temperature was low- 

A t  the conclusion of the hot test, 

The final gasket thickness was about 1/2 of the original, 

Reduction of data for the first half of the test was made by utilizing load- 
deformation data of a similar material gasket and the same seal surfaces. 

.I-... - - . - - I  ~ ~ a p ~ ~ i d y  notable is the large difference in s t r e s s  for  Phase 111. A t  
present the large increment of s t ress  required for  sealing at high pressure 
over that at one atmosphere is attributed to the higher 6000 psi pressure.  

A second similar test, however, resulted in contrary results (Figure 3.4). 
This tes t  was essentially a repeat of the first  using an 1100-F aluminum gasket 
which had been annealed prior to machining to the 1100-0 state, 
stainless steel surfaces used for  the first test were used here,  
taken only at room temperature. The attempt to go to cryogenic temperature 
resulted in a leak occurring at the indiun vacuum seal, making further testing 
impossible. To be noted in this test, however, is the similarity of the Phase I 
with that of the first test. 
from the first test. An increase in internal pressure to 600 psi resulted in no 
greater leakage and hence no Phase 111 was required. 

The same 
The data were 

Phases I1 and 111, however, a r e  entirely different 

A third test (Figure 3. 5) was a metal to metal test  without a gasket. 

Aluminum 2024-T4 and type 347 stainless steel  were the seal  
The sea l  surfaces were in high relief from the remaining structural  mass  by 
.030 inches. 
materials utilized, each with a fine circumferentially machined surface. Two 
attempts were made to complete Phase I for this test ,  the second immediately 
following the first without disturbing the test set-up. 
w a s  never quelled in the f i r s t  attempt (Curve A )  even though the normalized 

A s  can be noted, the leak 
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s t r e s s  was raised to 2 . 4  times the yield strength of the stainless steel(~35,OOO 
psi). 

The normal load w a s  removed and then reapplied without distrubing the 
tes t  set-up. 
2 . 4  t imes the yield strength of the stainless steel, measurable leakage still 
occurred. 
visual inspection. 
file tes t  was made and showed both materials had yielded 
aluminum apparently more so than the stainless steel, 

These data resulted in Curve B of Figure 3.5. With a s t r e s s  of 

A t  this point, it was decided to disassemble the seal  pieces for 
Nothing out of the ordinary was evidenced. A Talysurf pro- 

at the surface, the 

3.4 Future Work 

Future work w i l l  involve attempts to resolve some of the questions 
raised by the just described tests. 
hopefully w i l l  be resolved (Tests # 1 M  and # 3 M ) .  
be repeated going to higher loads before a conclusion can be made a s  to seal-  
ability. 

A non-uniformity of results was noticed and 
The metal-to-metal test wil l  

Further work wil l  be done to  optimize o r  improve the sealing ability of 
A few seal  tests were shortened by the vacuum seal  to enhance its reliability. 

inability of the seal  to operate properly at the low temperature. 
ing feature is contemplated to overcome this difficulty without sacrifice of the 
liquid metal seal  capability at the high temperatures. 

A spring load- 
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Figure 3. 1. Seal temperature vs. time for  a typical high temperature test. 
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4. Tube Connector Utilizing Superfinished Sealing Principle 

4.1 Introduction 

In the previous quarterly report, it w a s  concluded that the connector 
w i l l  be made of either a regular stainless austenitic steel or the superalloy 
A-286. 
necessary to complete a preliminary test program before the final design could 
be attained. 

It was also found that several materials problems would make it 

This test program would aim at answering the questions: 

1. 

2. 

3 .  

Does welding of the connector to the tubing deform the superfinished 
surface ? 
Can heat effects during the welding be limited such that the cold 
drawn properties of the 316 steel tubing are  not affected? 
If A-286 is used, it must normally be welded in the annealed (soft) 
condition and then heat treated. Thus, the heat treatment must be 
be made after the superfinish has been applied to the seal  surface. 
Does this procedure affect the quality of the surface? 
Can an acceptable superfinish be applied at 'dl to an A-286 surface? 4. 

The test program, designed to answer all those questions, was presented in 
Section 4.4.3 of the previous quarterly report. 
w a s  written, three test pieces had been designed and manufactured, and were 
sent out for superfinishing. 

At the time when that report 

During the last contract period, most of the tests according to the pro- 
gram, with minor modifications, have been accomplished. 
clusions wi l l  be discussed in the remainder of this report. 

Results and con- 

One more task has been undertaken during this period. In the previous 
quarterly report it was concluded that a connector designed for 6000 psi and 
made of regular stainless steel would have to utilize a seal  'interface with a 
secondary load path. The secondary load path alternative has later been ruled 
out due to manufacturing difficulties. 
a reduction of the design pressure from 6000 psi to 4000 psi wi l l  make a single 
load path type connector made of regular stainless steel  feasible. 

It has therefore been investigated whether 

4.2 Conclusions and Recommendations 

The conclusions which can be drawn from the efforts during this period 
a r e  summarized below. 

1. A-286 can be given an acceptable superfinish by using the technique 
employed by Jones Optical Works. 
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2 ,  

3. 

4. 

5.  

Heat treatment for hardening of A-286 affects both flatness and 
surface finish of the seal surface to a degree where it can be sus-  
pected that the sealing ability is reduced. 

Welding connector and tubing together with TIG-weld does not 
change the surface finish, but warps the seal surface seriously. 
The method can primarily be ruled out. 
no problems, ) 

(The welding itself presents 

Electron beam welding has been successfully used to weld a fully 
hardened connector to the tubing, and does not affect the flatness of 
the seal surface seriously. 
have not been established yet, but it is believed that in EB-welding 
a practical and satisfactory solution to the problem has been found. 

The optimized welding parameters 

The feasibility study for a 4000 psi connector shows that it, from 
seal  interface considerations, can be designed for regular stainless 
steel and single load path. 

It now has to be determined whether the connector shall be designed for 6000 
o r  4000 psi. The 6000 psi con- 
nector must be made of a superalloy like A-286,  the 4000 psi connector can 
be made of regular stainless steel, at the expense of increased weight and 
volume. 

In both cases EB-weld has to be employed. 

It appears to be advantageous to use A-286 for both design pressures. 

We plan the following work during the next reporting period. 

1. Complete the EB-weld study. It looks now like it w i l l  offer the 
possibility of welding fully hardened A-286  to tubing without warp- 
ing the seal surface or producing cracks. (If hardened material is 
weldable, the superfinish can be applied after the hardening, and 
that part of the problem is removed. ) 

2.  Simultaneously, begin the final design of a connector, assuming that 
A-286 and EB-weld w i l l  be used. 

4 .3  Test Program 

The three test pieces (No.. 1 a separate flange, Nos. 2 ,  3 a flange + 
union, together with a nut forming a complete connector) were submitted to the 
following tests: 

Sample 1 

1 Superfinish 
2 Measure flatness and surface structure 
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Sample 2 

1 
2 
3 
4 
5 
6 

Sample 3 

1 
2 
3 
4 

Heat treatment test (1325OF,  16 hours in vacuum) 
Measure flatness and surface structure 
The warped surface lapped flat at Research and Development Center, 
Buildings 5 and 37 shops 
Measure flatness 
Electron beam weld with Cu-heat shield 
Measure flatness 

Supe rfinish 
Measure flatness and surface structure 
TIG-weld (Fusion weld with inert gas protection) 
Measure flatness and surface structure 
Stress relieving (1600°F, 1 hour in vacuum) 
Measure flatness and surface structure 

Supe rf inish 
Measure flatness and surface structure 
Electron beam weld without Cu-heat shield 
Measure flatness and surface structure 

4 . 4  Discussion of Test Results 

4 . 4 .  1 Quality of Superfinished A-286 Surface 

A l l  three test samples were superfinished simultaneously and showed 
similar surface structure and flatness. 

The surfaces a re  shown in Figures 4 . 1  - 4 . 4 .  Except for randomly 
located pits caused by impurities (carbide precipitation) in the metal, the su r -  
face is extremely.smooth. 
ment of the interference lines (Figure 4 . 3 ) .  The Nomarski photos with higher 
magnification show very shallow, randomly oriented scratches. The surface 
finish obtainable for A-286 compares we l l  with the stainless steel 347 samples 
which were superfinished ear l ier  by Jones Optical Works.  

No scratches a re  deep enough to cause displace- 

Figure 4 . 4  shows the flatness of the whole seal  surface. It is obvious 
that the flatness is well within the limit (1 helium band). 

It should be noted that in Figure 4 . 4  and several  other figures showing 

Those are, however, scratches in the optically flat 
Lapmaster interference photos, many scratch-like marks can be seen in additon 
to the interference lines, 
glass disc which is placed on the surface, and have nothing to do with the 
superf inished surfac e. 
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4.4.2 Hardening Heat Treatment of A-286  

Test sample No. 1 was machined and superfinished in the soft, annealed 
condition. The recommended hardening heat treatment is 1325OF for 16 hours. 
The test sample was so treated in vacuum and allowed to vacuum cool in order 
to avoid any oxidation. 

After the hardening, no changes were visible to the eye. 
ing of any part was  noted. However, the surface, as shown in Figures 4,5 - 
4.7, was changed to some degree. Figure 4.5 (interference photo) and Figure 
4. 6 (Nomarski photo) show that a relocation of crystals has occurred during 
the hardening. 
precipitation of a titanium carbide compound at the crystal boundaries, The 
maximum relative displacement of the crystals perpendicularly to the surface 
was  measured by an optical interference method and found to be 1. 5 - 1.6 x 
in (compared with the allowed 0 .  5 x 

No discolor- 

This could have been expected since the hardening involves 

in). 

Figure 4.7 shows the change in the surface flatness. Before the heat 
treatment the surface looked like Figure 4.4, afterwards like Figure 4.7. 
la t ter  is a convex surface combined with some rounding off at the seal edges. 
The degree of convexity is shown i n  Figure 4.7, Assuming a seal height of 
0.10 in, to press two convex seals of this type into full contact with each other 
would require a sea l  s t r e s s  of approximately 6000 lb/in2 at the ir'lner edge (st 
the same time as the seal  stress is zero at the outer edge). 

The 

4.4.3 TIG-welding of Connector to Tubing 

Test sample 2 was fusion welded with inert gas protection (TIG-weld) 
to 316 stainless tubing. 
In order to determine whether cold.drawn properties of the tubing can be pre-  
served during such welding,the temperature at point B (Figure 4.7) w a s  mon- 
itored. (Compare Section 4.5.2 in the previous quarterly report, ) Tempera 
ture at point A close to the superfinished surface was also monitored. 

The test setup and the weldzire shown in Figure 4. 8. 

Figure 4.9 shows the temperatures at A and B during the welding. 
Peak temperature at B is approximately 900°F, which is more than the 700°F 
which is the maximum if thecol-d,drawn strength properties of the tubing are  to 
be preserved. 

Figures 4. 10 and 4.11 show the seal  surface after the welding, Figure 
4.11 compares we l l  to Figures 4 . 1  - 4.2 and shows that no apparent change in 
suface structure has occurred. 
seal  surface, saddle -shaped, with a peak to peak deformation of approximately 
140 pin. (Defined as  minimum distance between two parallel flat surfaces which 
can enclose the seal  surface. ) This is definitely more warping than can be 
tolerated. 

However, Figure 4.10 shows a serously warped 
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The welded piece was s t ress  relieved (1600'F for 1 hour in vacuum). 
Figure 4.12 shows the resulting surface. It is still saddle-shaped. 

The welding itself could be performed without difficulty and resulted 
in a very good looking weld. 
compatible. 

This shows that A-286 and Stainless 316 a re  

One way to reduce the varying of the seal surface, as  pointed out in the 
previous quarterly report, Section 4.4. 3, is to use a heat shield between the 
weld and the seal surface. This was tried for the Electron beam weld (next 
section) with negative results, and is therefore not expected to help the TIG- 
weld. 

4. 4. 4 Electron Beam Welding of Connector to Tubing 

Electron beam welding is a relatively new technique but is now 
practically available to solve welding problems. 
beam of electrons wi th  energies in  the range 10 - 15, 000 ev. 
be made very narrow (4- 5x10'3 in. ) and makes an extremely fast welding 
technique possible wherein the total heat input necessary to perform a certain 
weld can be kept very low. The very fast process has also made it possible 
to weld materials which would not be  compatible during welding with conven- 
tional means. 
alloys without producing cracks. 

The heat is produced by a 
This beam can 

For  example, it has been possible to weld hardened super 

Low total heat input will give small deformations of the welded pieces, 
which is what we desire to solve the connector welding problem. 

Two pieces, test samples 1 and 3, have been welded to tubing by 
The weld configuration was  chosen means of electron beam weld (EB-weld). 

with regard to the present design of the test pieces, and does not represent 
the final solution. 
4.13. The actual appearance of the welded pieces is shown in Figure 4.14. 

The calculated sections of the welds a r e  shown in Figure 

Test sample 1 was welded first using a copper shield between weld 
and seal surface. Flatness before and after is shown in Figures 4. 15 and 
4. 16. The surface is warped. However, it is believed that the warping is 
caused by the cu-collar. The collar was assembled around the connector and 
tightened before the weld. The engineer who made the weld observed there- 
after the interference lines and found them not parallel but similar to Figure 
4. 10, i. e., the seal surface was saddle-shaped caused by the cu-collar. He 
then made the weld and later observed the interference lines again, finding 
an unchanged pattern. The new pattern shown in Figure 4.16 w a s  obtained 
after removal of the collar. 

It is believed that the cu-collar was pressed so hard against the con- 
nector (to obtain high thermal conductances) that it warped the surface 
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approximately 100 pin. elastically, and then during the weld some s t r e s s  
relieving caused the permanent deformation. 

Test  sample 3 was then welded using a narrower beam to produce l e s s  

It is observed that the surface after the weld is flat well within the 1 H,*- 
heat, and no cu-collar. 
after. 
band limit. 

Figures 4.17 and 4.18 show the flatness before and 

The first weld (test sample 1) was made on fully hardened A-286. It 
shows no cracks observable by microscope at the surface. 
has  been vacuum checked for leakage and was found tight.. 
being pressure tested and wil l  thereafter be sectioned. 

The test  piece 
It is currently 

The second weld (test sample 3) was made on annealed A-286. 

There is no risk that the seal surface structure is changed during EB- 
weld; the seal surface is much cooler than during a TIG-weld. 

4. 5 Feasibility Study of 4000 psi Convector 

In the previous quarterly report it  was concluded that a 6000 psi  con- 
nector with single load path, made of a regular 300-series stainless steel 
was not feasible. 

Since then the double load path alternative has been ruled out because 
of manufacturing problems. It has  therefore now been investigated whether 
a change from 6000 psi to 4000 psi  would make the connector '. 
The study will  not be described in detail in that similar calculations were 
shown in the last quarterly report. 

feasible. ' 

Only the result will be mentioned. 

The change in pressure changes the allowable seal s t r e s s  
variation from 10, 000 ps i  to approximately 13, 000 psi i f  the 
target 3 ~ 1 0 - ~  atm cc/sec leaves unchanged (compare previous 
quarterly report, Section 4. 6. 2). 

The seal s t r e s s  variation due to internal pressures  and external 
loads changes. 
a r e  not changed. ) Comparing to previous quarterly report  
Section 4. 6. 3, the calculation results change in the following 
way: 

F :  3829 - 2945 lbs a 

1. 

2. 
(It is assumed that the external vibration loads 

807 - 538 lbs Fas: 
F .  n' F + 1314 -. F + 1003 lbs  

P P 
F3: F - 2481 - F - 19241bs 

P P 
A F3: 2481 - 1924 lbs 

0 

At3 9530 - 7240 lbs/in& seal: 
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The thermal transient calculation does not change. 

Since hasea l  = 7 ,240  psi is now considerably below the allowable seal 
s t r e s s  variation, 13,000 psi, it is considered that a single load path, regular 
stainless steel, superfinished seal 3/4 inch connector designed for 4000 psi 
operating pressure is feasible. However, a design using A-286 o r  another 
strong alloy wi l l  naturally result in a considerably lighter weight connector. 
The EB-weld wi l l  s t i l l  have to be used if regular stainless steel is used as 
connector materials. 
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Figure 4.1. Nomarski Micro-photo of Superfinished A-286 Surface 
(Sample 1) Magnification 460 x. 
Finish Made by Jones Optical Works. 

Figure 4.2. Nomarski Micro-photo of Superfinished A-286 Surface 
(Sample 2) Magnification 460 x. 
Finish Made by Jones Optical Works. 
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Figure 4.3. Interference Photo (Helium Light) of Superfinished A-286  
Surface (Sample 1)  Magnification 200 x. 

Figure 4.4. Lapmaster Interference Photo (Helium Light) of Superfinished 
A-286  Surface (Sample 1)  11. 8 
Lines. 
Visible Scratches Exist in Lapmaster Glass. 

in Between Interference 
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Figure  4 . 5 .  Interference Micro-photo (Helium Light) of A -286 Surface 
After Hardening (Magnification 200 x). 

Figure 4. 6. Nomarski Micro-photo of A -286 Surface After Hardening 
(Magnification 460 x). 
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Figure 4. 7. A-286 Surface After Hardening. 
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Figure 4. 8. TIG - Welding of Connector to Tubing. 

4-12 



0 10 20 30 40 50 60 70 80 90 100 110 120 130 

Time (sec) 

Figure 4.9. Temperatures monitored during TIG-welding of connector to  tubing. 
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Figure 4.10. Lapmaster Interference Photo of Seal Surface A f t e r  
TIG - Welding of Connector to  Tubing. 

Figure 4. 11. Nomarski Micro-photo of Seal Surface in Figure 4. 10. 
(Magnification 460 x). 
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Figure 4. 12. Lapmaster Interference Photo of Seal Surface A f t e r  Welding 
of Connector to Tubing and Following Stress Relieving. 
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Figure 4.13. Electron beam welds. 
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Figure 4. 14. Electron Beam Welds on Test Process  l(a) and 3(b). 

4-17 



Figure 4.15. Lapmaster Interference Photo of Test  Sample 1 Before 
Electron Beam Weld. 

Figure 4. 16. Lapmaster Interference Photo of Test  Sample 1 After 
Electron Beam Weld. 
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Figure 4.17. Lapmaster Interference Photo of Test Sample 3 Before 
Electron Beam Weld. 

Figure 4.18. Lapmaster Interference Photo of Test  Sample 3 After 
Electron Beam Weld. 
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